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1 Introduction 

Carbanionic polymerizations involving lithium and non-polar monomers have 
achieved a position of special interest and importance as a result of the potential for 
obtaining systems lacking spontaneous termination reactions; a feature which was 
first recognized by Ziegler ,} . The non-terminating nature of these systems facilitates 
kinetic studies, the preparation of polymers of narrow molecular weight distributions 
and predictable molecular weights, the synthesis of block copolymers of uniform 
composition and molecular weight, and allows controlled termination reactions where 
star-shaped or comb-type polymers can be formed as well as chains having functional 
groups at one or both ends. Furthermore, polydienes of high 1,4-content can be 
prepared in hydrocarbon media while the microstructure can be varied by the addition 
of modifiers to the polymerization system, e.g., the use of bis-piperidino ethane leads 
to the preparation of polyvinyl ethylene) from 1,3-butadiene 2) . 

Thus, even though limited to relatively few monomers, anionic polymerizations 
exhibiting the foregoing features have attracted both academic and commercial 
interest. This review covers various aspects of these systems. 

2 Structure and Bonding in Organolithium Compounds 

Organolithium compounds are unique among the organic derivatives of the alkali 
metals since they generally exhibit properties characteristic of covalent and ionic 
compounds 3) . Thus, organolithium compounds are soluble not only in basic solvents 
such as ethers, but also in hydrocarbon solvents 3,4) . They are associated into aggrega- 
tes in the solid state, in solution, and in the gas phase 5-7) . The structure and the 
nature of the bonding in organolithium aggregates has been deduced primarily from 
X-ray crystallographic studies. Both ethylithium 8) and methyllithium 9) possess 
approximately tetrameric structures in the solid state with lithium occupying the apices 
of a tetrahedron with the alkyl groups bonded to the faces of the tetrahedron. 
In contrast, cyclohexyllithium co-crystallizes with 2 molecules of benzene to form a 
hexameric structure in the solid state with lithium occupying the apices of an octa- 
hedron, six alkyl groups bonded to six faces, and a benzene molecule lying above each 
of the two vacant faces on opposite sides of the octahedron 10> . Figs. 1 to 3 show 
these structures. 

Because of their oligomeric nature, the bonding in alkyllithium compounds is a 
subject of considerable interest. The aggregates can be characterized as electron- 
deficient since there are more nearest-neighbor atom-atom connections than there are 
valence electron pairs available for bonding U) . The covalent nature of organolithium 
bonding is a consequence of the fact that among the alkali metals lithium has the 
smallest radius, the highest ionization potential, the greatest electronegativity, and 
the availability of relatively low-lying unoccupied p orbitals for bonding 12i . This 
unique nature of carbon-lithium bonding is directly responsible for the ability of only 
lithium among the alkali metals to stereospecifically polymerize dienes to high 
1,4 products 13> 14) . Stucky, et al. 10) have described the bonding in alkyllithium aggre- 
gates in terms of localized four-centered bonds, involving a triangle of lithium atoms 
and the bridging carbon atom of an alkyl ligand. It was proposed that the lithium 
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atoms are sp 2 hybridized. This simplified model provides both a p orbital lobe and an 
sp 2 orbital which can interact with Lewis bases. 

There is considerable controversy regarding the degree of covalent character in a 
carbon-lithium bond 15_18) . An uncritical comparison of electronegativities does 
indicate a high degree of ionic character as do extended Hiickel molecular orbital 




Fig. 2. Crystal structure of ethyilithium (Reprinted with permission from Ref. 8 >, Copyright 1981 
Elsevier, Sequoia S.A.) 
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Fig. 3. Crystal structure of cyclohexyllithium. (Reprinted with permission from Ref. l0 \ Copyright 
1974, American Chemical Society) 

calculations 19 - 20 >. However, some of the physical properties, e.g., volatility or solubi- 
lity in hydrocarbon solvents, are not compatible with highly ionic character. Thus, 
more complex types of bonding would seem to be present. For example molecular 
orbital calculations 17 " 20) have seemingly confirmed that in the aggregated state 
covalent bonding is present with only fractional charges on the carbon and lithium 
atoms. 

The most rigorous ab initio calculations indicate a substantial amount of covalent 
bonding (ca. 40%) in methyllithium, 17) in contrast to reports that this C-Li bond has 
"essentially no shared-electron covalent character" 15, 16) . The presence of both vacant 
p orbitals and partial positive charge on lithium contribute to the electron deficiency of 
lithium. Approximate molecular orbital calculations yield lithium hybridizations of 
sp 1 - 9 , sp 1 - 7 and sp 1 and carbon hybridizations of sp 3 - 4 , sp 2 - 9 and sp 3 - 7 for the dimer, 
tetramer, and hexamer, respectively 18) . The atomic charges on lithium were calculated 
to be +0.23, +0.25 and +0,15 electronic units and the atomic charges on carbon 
were calculated to be —0.27, —0.31 and —0.23 electronic units for the dimer, 
tetramer, and hexamer, respectively 18) . These calculations offer a possible rationali- 
zation for the increased reactivity of less aggregated alkyllithiums (e.g. in initiation of 
anionic polymerization): the less aggregated species, in general, have a higher degree 
of ionic character in the carbon-lithium bond. The energetics of dissociation of these 
aggregates will be discussed in the following section. 
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Structures analogous to those observed by X-ray crystallography have been pro- 
posed for the corresponding associated species in solution; colligative property 
measurements (see Table 1) have shown that simple, straight-chain, unhindered 
alkyllithium compounds are associated into hexameric aggregates in hydrocarbon 
solutions. In contrast, alkyllithium compounds with branching at either the a- or 
P-carbon tend to associate into tetramers. While s-butyllithium and f-butyllithium 
are tetrameric in hydrocarbon solution 30,31 \ both trimethylsilylmethyllithium, 
[(CH 3 ) 3 SiCH 2 Li], and isopropyllithium exhibit 7 - 2e - 32 • 33) equilibria between hexamers 
and tetramers which are dependent on solvent, concentration and presumably tempera- 



Table 1. Association States of n-Alkyl Organolithium Compounds 



Compound 


Solvent 


n" 


Method" 


Ref. 


CjH 5 Li 


Benzene 


~6 


F 


2M 


Benzene 


~6 


F 


22) 




Benzene 


4.5-6.0 


F 


23) 




Benzene 


6.0 


F 


24) 




Cyclohexane 


6.0 


F 


25) 




Benzene 


6.1 


F 


7,26) 




Cyclohexane 


6.0 


F 


7,26) 


n-Qr^Li 


Benzene 


6.3 


I 


27) 


Benzene 


~7 


B 


28) 




Cyclohexane 


6.2 


I 


29) 




Benzene 


6.0 


F 


7.26) 


n-C 6 H H Li 


Benzene 


6.0 


V 


29) 


n-C 8 H 17 Li 


Benzene 


6.0 


V 


29) 



" Average degree of aggregation; 

b F, freezing point depression; I, isopiestic; B, boiling point elevation; V, 
vapor pressure depression. 



ture. Both trimethylsilymethyllithium and isopropyllithium are tetrameric in benzene 
solution but exhibit an increase in degree of aggregation (presumably to hexamers) 
at concentrations higher than 0.06 m or 0.1 m, respectively. Trimethylsilylmethylli- 
thium is hexameric in cyclohexane, while isopropyllithium is tetrameric in cyclo- 
hexane up to a concentration of about 0.03 m above which the degree of association 
increases. It has been reported that 2-methylbutyllithium M) , although hexameric in 
pentane at 0.89 m (30 °C), has a lower association number (3.2) at lower concentrations 
(0.048 m) and a higher association number (7.6) at lower temperatures (—12 °C) 34) . 
Menthyllithium, a sterically hindered species, associates into highly reactive dimers in 
hydrocarbon solution 3S) . Dimeric association is also reported for hydrocarbon solu- 
tions of benzyllithium 7) , which can be used as a model for poly(styryl)hthium. 
The degree of association of 3-neopentylallylitbium, a model for poly(dienyl)Iithiums, 
has been reported to be highly concentration dependent in benzene ranging from 
3.7 (0.330 m) to 2.14 (0.0495 m) 36> . However, these results are complicated by the 
fact that the samples employed were contaminated with approximately 10% f-butyl- 
lithium. The dimeric association state has also been observed 37) for 9-(2-hexyl)fluo- 
renyllithium in cyclohexane over the concentration range of 0.01 to 0.1 m. 
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These results show that the degree of association of organolithium compounds in 
hydrocarbon solution is quite dependent on the structure of the organic moiety, the 
solvent, the concentration, and the temperature. The degree of association of alkyl- 
lithiums can decrease with decreasing concentration, by using a more strongly solva- 
ting solvent, by increasing temperature, and either by substituting a more hindered 
organic group or one that is capable of delocalizing electrons. 

The relative reactivities of alkyllithiums as polymerization initiators 38 ,39) are 
intimately linked to their degree of association as shown below with the average 
degree of association in hydrocarbon solution, where known, indicated in paren- 
theses: 

Relative Reactivity of Alkyllithium Initiators 
Styrene: menthyllithium(2) > sec-BuLi(4) > /-PrLi(4-6) > 

/-BuLi > «-BuLi(6) > /-BuLi(4). 
Dienes: menthyllithium(2) > jec-BuLi(4) > z-PrLi(4-6) > 

r-BuLi(4) > i-BuLi > n-BuLi(6). 
It is clear that, in general, the less associated alkyllithiums are more reactive as 
initiators than the more highly associated species. The effect of solvent on initiator 
reactivity is also consistent with the importance of association phenomena. Aromatic 
solvents, which tend to decrease the average degree of association and promote dis- 
sociation processes of aggregates, are reported to lead to initiation rates which are 
two to three powers of ten faster than in aliphatic solvents 30,4O) . 



Table 2. Association States of Polymeric Organolithium Active Centers in Hydrocarbon Solvents 



Anionic Moiety Association Analytical Method Ref. 

State 



1,3-Butadiene 


2to4 a 


Cryoscopy 


36) 




2 


Viscosity 






4 


Light scattering 






2 


Linking reactions 




2-Methyl-l,3-butadiene 


2 


Viscosity 






1.6, 2.4, 3.7 


Light scattering 


49) 




-3" 


Light scattering 






2 


Light scattering 






2 


Light scattering 






2 


Linking reactions 




Styrene 


2 


Viscosity 






2 


Light scattering 




4-Vinyl biphenyl 


2 


Viscosity 


48) 


1 , 1 -Diphenylethylene 


2 


Viscosity 


52) 


1,3-Pentadiene 


2 


Viscosity 




2,3-Dimethylbutadiene 


2 


Viscosity 




2-Methyl, 3-methyl, 4-methyl, 


2 


Viscosity 




and 2,4-dimethyl-l ,3-pentadienes 








1,3-Cyclohexadiene 


-1.7 


Viscosity 




2,4-Hexadiene 


-1.7 


Viscosity 


48) 



a Extent of aggregation is concentration dependent; 
b Taken to represent a mixture of dimers and tetramers. 
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Polymeric organolithium compounds are also associated into aggregates in hydro- 
carbon solution. The most recent evidence from cryoscopy, light scattering and con- 
centrated solution viscosity measurements, and also from a study of linking reactions, 
indicates that both poly(styryl)lithium and poly(dienyl)lithium species are associated 
into dimers in hydrocarbon solution (Table 2). A dependence of the degree of 
association on concentration for poly(isoprenyl)lithium has been reported 50) from 
a combination of small angle light scattering and dilute solution viscosity measure- 
ments. Taking into account the expected relative behavior of star branched and linear 
polymers, an extrapolated value of 4 for the degree of association at 10~ 2 m was 
obtained. These results parallel the findings of Glaze and co-workers 36) for neo- 
pentylallyllithium. 

Lewis bases exert dramatic effects on the rate, stereochemistry, and reaction path- 
way in organolithium chemistry 41 . A partial explanation for these observations can 
be deduced from the effects of Lewis bases on the degree of association of 
organolithium compounds as shown in Table 3. In general, the presence of basic 
molecules tends to decrease the average degree of association of organolithium 
compounds. Thus, simple alkyllithiums which are hexameric in hydrocarbon solution 



Table 3. Degree of Association of Organolithium Compounds in Polar Solvents 



Compound 


Concentration 3 


Solvent 


Degree of 
Association 


Ref. 


2-Methyl-2-phenyl, propyllithium b 


0.1 M 


Diethyl ether 


2 


53) 


AUylithium 


1.5 M 


Diethyl ether 


>10 


5*) 




1.6 M 




>12 


55) 




0.1 M 




2.0 


5S> 




0.8 M 


Tetrahydrofuran 


> 1.4 


54) 


Benzyllithium 


0.1-0.7 M 


Tetrahydrofuran 


1 


56) 


trans-X -Propenyllithium 


0.24-0.63 M 


Diethyl ether 


4 


55) 


2-Propenyllithium 


0.04 M 
0.84 M 


Diethyl ether 


2 
4 


55) 


Phenyllithium 


0.1-0.7 M 


Tetrahydrofuran 


2 




Ethyllithium 


0.38-1.08 M 


Diethyl ether 


4 


55) 


Methyllithium 


0.1-1.2 M 


Tetrahydrofuran 


4 


56) 




0.2-0.8 M 


Diethyl ether 


4 




n-Butyllithium 


0.2-0.6 M 


Diethyl ether 


4 


56) 


9-(2-Hexyl)Fluorenyfflthium 


0.004 m 
0.04 m 


Tetrahydrofuran 


1.39 
1.63 


37) 


LiCHjCN 


0.056-0.186 m 


Dimethyl sulfoxide 


4 


57) 


C 6 H 5 CH(Li)CN 




Dimethyl sulfoxide 


2 


57) 


(CH 3 ) 2 C(Li)C0 2 CH 3 
(CH 3 ^C(Li)C0 2 C 2 H s c 


0.07-0.34 m 


Tetrahydrofuran 


3.5 


58) 


0.05-0.31 m 


Tetrahydrofuran 


3.5 


58) 


(CH 3 ) 2 C(Li)C0 2 C(CH 3 )3 


0.05-0.26 m 


Tetrahydrofuran 


2.3 


58) 


o-LiC 6 H 4 CH 2 N(CH 3 ) 2 


0.0248 M 


Dimethyl sulfoxide 


1.87 


59) 


0.0819 M 




4.45 




o-LiCH 2 C 6 H + CH 2 N(CH 3 ) 2 


0,045 M 


Dimethyl sulfoxide 


1.84 


59) 


o-Or^CgHJLi 


0.06-0.72 M 


Diethyl ether 


2 


60) 


o-aC j0 H 8 Li 


0.02-0.21 M 


Diethyl ether 


2 





° Expressed in terms of the monomeric (unassociated) species ; 
b Tetrameric at concentrations of ca. 0,07 M in n-pentane; 

c Exhibits an association state of 6.6 in benzene over a concentration range of 0.1-0.42 m 
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(Table 1) are converted to solvated tetramers in basic solvents such as ethers. 
Species which are dimeric in hydrocarbon solution, such as benzyllithium and poly 
(styryl)lithium, are converted into the unassociated species in tetrahydrofuran 
solution 42,56) . The claim 61 > that poly(styryl)lithium active centers can exist in an 
associated form in tetrahydrofuran is known 62) to be incorrect. 

Although this review does not deal specifically with the polymerization of polar 
monomers, it is important to note that many heteroatom lithium derivatives are also 
associated in solution as shown in Table 4. The strong association of lithium 
alkoxides, even in polar solvents, is especially noteworthy since lithium alkoxides 
are product of oxidation (by contamination) of organolithium compounds (see 
Eq. (88)). Thus, cross-association of lithium alkoxides with alkyllithium initiators or 
propagating polymeric organolithium would be expected to alter the average degree 
of association and complicate the corresponding kinetics. 



Table 4. Association Behavior of Organolithium Compounds with Non-Carbon 
Bonded Lithium 



Compounds 


Solvent 


Association 
State 


Ref. 


(CH^COLi 
^ NHLi 


Benzene 

Tetrahydrofuran 
Cyclohexylamine 


6 
4 

2.6 to 3 


63.64) 
64) 

65) 


[(CH 3 ) 3 Si] 2 NLi 


Benzene 
Diethyl ether 


2 

1.6 


66) 



3 Enthalpies of Dissociation of Organolithium Aggregates 

A number of theoretical studies of the bonding of alkyllithiuras have provided an 
estimate of the dissociation energies of alkyllithium aggregates in the absence of 
solvent or Lewis base interactions, i.e., for isolated gas-phase species. The results 
of these calculations for the energetics of dissociation of aggregates are listed in 
Table 5. It is of interest to note that the most reliable calculations with optimized 
geometries predict, for methyllithium, that the process of dissociation of a dimer to 
two unassociated methyllithiums corresponds to a binding energy of approximately 
20 kcal/mole per alkyllithium molecule. Complete dissociation of a tetramer to four 
unassociated species would require approximately 108-124 kcal/mole, i.e., a binding 
energy per alkyllithium of 27-31 kcal/mole. The most recent calculations with 
optimized geometries also reveal that the tetrahedral (T d ) tetrameric and octahedral 
(D 3d ) hexameric structures are very close in energy to the corresponding planar 
structures. The significance of this result is that although complete dissociation of a 
tetramer (i.e., Eq. (1)) would require about 

(CH 3 Li) 4 -» 4CH 3 Li (1) 

108 kcal/mole of tetramer (a value, as noted by Brown 70) in 1966, which would pro- 
hibit the formation of a significant concentration of the unaggregated species) 
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Table 5. Energetics of Dissociation of Alkyllithium Aggregates 



Organolithium Dissociation Process Dissociation Calculation Method Ref. 
Energy 
(keal mol" 1 ) 



Methyllithium 


dimer -> 2 monomers 


39.9 


ab initio (STO-3G) 


67) 




dimer -» 2 monomers 


41.6 


ab initio (4-3 1G) 


67) 




tetramer -» 4 monomers 


124.4 


ab initio (STO-3G) 


67) 




dimer 2 monomers 


37.2 


ab initio (STO-3G) 






dimer -+ 2 monomers 


36.0 


PRDDO 


18) 




dimer -> 2 monomers 


39.6 


ab initio (double zeta 


1») 








basis) 






tetramer -» 4 monomers 


108.4 


PRDDO 


18) 




dimer -» 2 monomers 


34.9 


ab initio (STO-3G) 


68) 




tetramer -♦ 4 monomers 


114 


ab initio (minimum 


6S>) 


Ethyliithium 


dimer -+ 2 monomers 


34.4 


basis) 
PRDDO 


18) 



dissociation of a tetramer to give one methyllithium molecule and the cyclic trimer 
(D 3h ) (Eq. (2)) would only 

(CH 3 Li) 4 - (CH 3 Li) 3 + CH 3 Li (2) 

require 29 kcal/mole. The energy of dissociation of a tetramer to two dimers 
(Eq. (3)) 

(CH 3 Li) 4 - 2(CH 3 Li) 2 (3) 

was calculated to be ca. 36 kcal/mole. One of the important conclusions from these 
theoretical calculations is that the dissociation energies for processes such as those 
shown in Eqs. (2) and (3) are accessible at normal polymerization temperatures, i.e., 
one need not invoke complete dissociation processes such as that shown in Eq. (1). 
It is interesting to note that Brown and co-workers have reported dissociation energies 
for tetramer-dimer equilibria of 1 1 and 24 kcal/mole for methyllithium in ether 71) 
and r-butyllithium in cyclopentane 72) , respectively. In fact, however, these numbers 
refer to the processes involved in equilibration of alkyllithiums and could involve a 
dissociation such as that shown in Eq. (2) for the rate determining step. Another 
significant result is that planar, cyclic structures may be involved as intermediates in 
various exchange processes 18) . An additional indication that organolithium species 
possess high values for their dissociation energies is given by results garnered from 
mass spectroscopy studies 63 ' 72 ' 73 *. Ethyliithium, r-butyllithium and trimethylsilyl- 
methyllithium have been found to retain the hexameric or tetrameric state in the gas 
phase. There was no indication that lesser associated structures, e.g., dimers, or 
unassociated species exist under the conditions of measurement. 

There are relatively few theoretical studies available relating to the dissociation 
energies of allyllithium species. Theoretical calculations of the CNDO/2 type, which 
are recognized to give rather inaccurate values of electronic energies, provide a 
value 7 *- 73 > of 201 kcal/mole for the dissociation energy of ds-crotyllithium (Eq. (4)) 



(ri5-C 4 H 7 Li) 2 ^= 2 cis-CJigLi 



(4) 
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There is very little experimental evidence relating to the energetics of dissociation of 
poly(dienyl)lithium species. From the temperature dependence of the flow times of 
the concentrated solution viscosities of hexane solutions of poly(isoprenyl)lithium, 
Morton and Fetters 47) reported an estimate of 37 kcal/mole for the dissociation of 
dimers (Eq. (5)). 

(PILi) 2 ^ 2 PILi (5) 

Roovers and Bywater 76> examined the temperature dependence of the electronic 
spectrum of poly(isoprenyl)lithium and were able to calculate an equilibrium constant 
for the dissociation event. On the basis that the process involved was tetramers ^ 
dimers, the dissociation enthalpy was determined to be 12.3 kcal/mole in n-octane 
while a value of 9.0 kcal/mole was found in benzene solution. The latter value was 
thought to be due to weak solvations of the active centers by benzene. The approach 
used by Roovers and Bywater 76) is predicated on the assumption that the 272 and 
320 nm absorptions represent species differing in their association state. 

If the process measured by Roovers and Bywater is reanalyzed on the basis of a 
monomer-dimer-dissociation equilibrium, their results yield a value of about 1 1 kcal/ 
mole. Szwarc 76a ~ 78 > has presented, without citing or providing either theoretical or 
experimental evidence, various values (12, 14-15, and 15-16 kcal/mole) for this step. 
Meier, using the approach involving the temperature dependence of concentrated 
solution viscosities, reported 79) a value of 21 .8 kcal/mole for the dissociation enthalpy 
of the poly(styryl)hthium dimers. These combined results will be discussed and 
compared with direct calorimetric results in a later section of this review. 



4 Solvation of Organolithium Compounds 

In the alkyllithium initiated polymerizations of vinyl monomers, Lewis bases such as 
ethers and amines alter the kinetics, stereochemistry, and monomer reactivity ratios 
for copolymerization. In general, the magnitude of these effects has been directly or 
indirectly attributed to the extent or nature of the interaction of the Lewis base with 
the organolithium initiator or with the organolithium chain end of the growing 
polymer. Unfortunately, all of these observed effects are kinetic in nature, and 
therefore the observed effects of solvent represent a composite effect on the transition- 
state versus the ground state as shown below in Eq. (6), where 5 represents the 
differential 

SAG* = 5AG TS - - SAG GS - (6) 

effects of solvent variation and AG TS ', AG G S " and AG* represent the free energies 
of the transition state, of the ground state, and of activation, respectively. Consequent- 
ly, an increase in rate could be associated with either a decrease in the relative 
free energy of the transition state, or with an increase in the free energy of the 
ground state. 

Several years ago 80-83 >, a systematic investigation of the energetics of interaction 
of Lewis bases with organolithium compounds was undertaken. The enthalpies of 
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interaction of Lewis bases with organolithium compounds as a function of 
R ([base]/[lithium atoms], Eq. (7)) were measured using high-dilution, solution calori- 
metry. These measurements provide direct, thermodynamic information regarding the 
nature of the coordination of bases with organolithium compounds which corresponds 
to ground-state solvation effects (8AH GS ). 

RLi + B RLi - B (7) 

The solution calorimeter and operating procedures used for these studies were 
essentially the same as those described by Arnett, et al. B * ) . For investigation of 
organolithium compounds, the calorimetric vessel was placed inside a recirculating, 
argon atmosphere glovebox with a gas purification train patterned after the system 
developed by Brown and coworkers 85) . The calorimeter was connected to the other 
calorimetric components outside the glovebox via an electrical feedthru. Solutions of 
organolithiums were analyzed for the amount of carbon-bound lithium using the 
double titration procedure of Gilman and Cartledge 86) with 1 ,2-dibromoethane before 
and after calorimetric runs to check purity and to show that decomposition reactions 
with the bases were not occurring in the calorimeter. The preparation, purification and 
calorimetric procedures for Lewis bases, alkyllithiums, and polymeric organolithiums 
have been described earlier in detail 80 " 83 '. Without exception the results of double 
titration analysis of the calorimetric solutions indicated that within the error limita- 
tions of this analytical method no decomposition of organolithium reagents occurs 
under these conditions. 

The reliability of the calorimetric results for these reactive organometallic 
compounds was further substantiated by the observations that the results were all 
quite reproducible (+ 0.1 kcal/mole) and that the results obtained do not depend on (1) 
the source or method of purification of the base or the solvent; (2) the source or 
method of purification of the alkyllithium ; and (3) the sodium content of the lithium 
metal used to prepare the alkyllithiums. Furthermore, the calorimetric equipment 
was regularly calibrated with internationally accepted standards for calorimetry. 

The initial enthalpies of interaction of small amounts (< 1 mmol) of Lewis bases 
with dilute solutions (0.04-0.08 M) of hexameric and tetrameric alkyllithiums in 
hydrocarbon solution at 25 °C are shown in Table 6. For the initial enthalpies listed 
in Table 6, the ratio of the concentration of base to the concentration of 
lithium atoms in solution (R) is less than 0.08. These enthalpies provide a quantita- 
tive measure of the relative strength of these interactions. The basicity order which 
emerges from the relative initial enthalpies of interaction was found to be the same for 
every alkyllithium compound examined, viz. tetrahydrofuran (THF) > 2-methyl- 
tetrahydrofuran {(2-CH3THF] > 2,5-dimethyltetrahydrofuran [2,5-(CH 3 ) 2 THF] > 
diethyl ether > triethylphosphine > triethylamine > tetrahydrothiophene 82) . This 
result was unexpected since the alkyllithium compounds examined included species, 
some of which are present as hexameric aggregates, and some of which exist predo- 
minantly as tetrameric aggregates in hydrocarbon solution. The lack of dependence on 
structure or degree of association suggested that this basicity order represented a 
fundamental property of alkyllithium-base interactions. It was therefore of interest 
to determine if this basicity order would be applicable to the interaction of polymeric 
organolithiums with bases, and especially if the order phosphorus > nitrogen would 
be maintained. This question will be discussed later. 
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One point of particular interest was the fact that the enthalpies of interaction of 
tetrameric organolithiums were more exothermic than the corresponding enthalpies 
of interaction for hexameric species. The one exception was f-butyllithium which did 
not interact significantly with any of the bases. These results suggest that tetrameric 
organolithiums interact more strongly than hexameric species with a given base. 
However, this conclusion is tempered by the fact that calorimetry itself cannot 
define the process involved in base coordination. What is known about the effect of 
bases on association of alkyllithiums is that : (a) alkyllithiums which are hexameric in 
hydrocarbon solution exist as tetrameric aggregates in basic solvents such as mono- 
dentate ethers and amines; (b) hexameric alkyllithiums in hydrocarbon solution are 
converted into tetramers at R values ig 1.0; and (c) there is no evidence for degrees of 
association less than four for simple alkyllithiums in monodentate ethers and 
amines 26) . It can therefore be concluded that tetrameric alkyllithiums in hydrocarbon 
solution interact with bases to form solvated tetramers (Eq. (8)). 



However, for hexameric alkyllithiums in hydrocarbon solution, bases can coordinate 
to form either a solvated hexamer (Eq. (9)); 



From studies of the sensitivity of the coordination process to the steric requirements 
of the base (based on comparison of enthalpies for tetrahydrofuran versus 2,5- 
dimethyltetrahydrofuran), it has been concluded that interaction of bases with hexa- 
meric alkyllithiums (e.g., n-butyllithium) at low R values involves coordination with 
the intact hexamer (Eq. (9)) 8Z) . Since hexamers are likely to be more sterically hindered 
than tetramers, these results offer a possible explanation for the observation that, 
in general, less aggregated organolithiums are more reactive initiators than more 
associated species (e.g., dimeric menthyllithium > tetrameric sec-butyllithium > 
hexameric n-butyllithium). The calorimetric studies of the base interactions with 
alkyllithiums indicate that less aggregated organolithiums appear to be less hindered 
and interact more exothermically with bases. It is probable, therefore, that less 
aggregated alkyllithiums also interact more strongly with monomers. Thus, initiator 
reactivity may be explained partially in terms of the steric requirements of the aggregated 
organolithium, which in turn affect the strength of the interaction with incoming 
monomer. 

It is well known that bidentate bases, such as N,N,N',N'-tetramethylethylenedia- 
mine (TMEDA), are very effective coordinating bases for organolithium compounds 
and that they generally greatly enhance the reactivity of organolithiums 87) . Calori- 
metric studies of the enthalpies of interaction of TMEDA and diglyme (1 ,2-diethoxy- 
ethane) have provided quantitative evidence for the strong coordination of these bases 
with organolithiums as shown in Table 7 80-82 \ Diglyme interacts 4.7 kcal/mole more 
exothermically than diethyl ether with n-butyllithium, while TMEDA interacts 
9.1 kcal/mole more exothermically than triethylamine. Detailed interpretation of these 



(RLi) 4 + B - (RLi) 4 • B 



(8) 



(RLi) 6 + B-+(RLi) 6 -B 
or a solvated tetramer (Eq. (10)); 

2/3 (RLi) 6 + B -» (RLi) 4 • B 



(9) 



(10) 
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Table 7. Comparison of the Initial Enthalpies of Interaction 
of Bidentate versus Monodentate Bases with n-Butyllithium 8 



Base AH (kcal/mole) b 


Tetrahydrofuran 


7.6 (0.07) 


Diglyme 


6.5 (0.06) 


Diethyl ether 


1.8(0.06) 


Triethylamine 


1.2(0.04) 


TMEDA 


10.3 (0.04) 



• 0.08 M n-C 4 HgLi in n-hexane; 

b The numbers in parenthesis represent the [Base]/[Li atom] 
ratio 



results is limited by the lack of consistent data for the effect of these bases on the 
degree of association of alkyllithhims 

The most dramatic effects of Lewis bases in organolithium chemistry are observed 
in polymerization reactions. Aside from colligative property measurements, there is 
little direct quantitative information on the nature of the organolithium-base inter- 
actions responsible for the observed effects. The calorimetric method has been used 
also to examine the fundamental nature of the interaction of bases with polymeric 
organolithium compounds 83 • 88, 89> . Information is now available on the ground-state 
interaction of bases with poly(styryl)lithium (PSLi), poly(isoprenyl)lithium (PILi) and 
poly(butadienyl)lithium (PBDLi). 

Initial enthalpies for addition of small amounts of bases to dilute solutions 
(0.2 M) of polymeric organolithiums at low R values ([base]/[Li]) provide direct 
information on the strength of the base interactions as well as the steric requirements 
of the bases. Data for initial enthalpies of interaction for a variety of bases with 
poly(styryl)lithium in benzene are listed in Table 8 88,89) . It is especially significant to 
note that the basicity order observed for poly(styryl)lithium (TMEDA > diglyme > 
THF > 2,5-Me 2 THF > dioxane > TMEDP > Et 3 P > Et 2 0 st Et 3 N) is very simi- 
lar to the order for simple alkyllithiums; (see Tables 6 and 7) TMEDA > THF > 



Table 8. Enthalpies of Interaction of Bases with Poly(styryl)lithium" 


Base 


(- AH"/mole) 


N,N,N\N'-tetramethylethylenediamine (TMEDA) 


13.3 


Dimetlioxyethane 


9.8 


Tetrahydrofuran 


4.5 


2,5-dimethyltetrahydrofuran 


2.3 


Dioxane 


L.5 


Tetramethylethylenediphosphine (TMEDP) 


0.9 


Triethylphosphine 


0.4 


Diethyl ether 


0.3 


Triethylamine 


0.3 



" M n ~ 4X10 3 ; 

b All enthalpies obtained at 25 °C by addition of 100 ul (ca. 1 mmole) of 
base into 200 ml of 0.03 M PSLi(TBase]/[LfJ ca. 0.2) 
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diglyme > 2,5-Me 2 THF > Et z O > Et 3 P > Et 3 N). The notable exceptions are di- 
glyme and diethyl ether. Diglyme can apparently interact more effectively relative to 
tetrahydrofuran with this less associated, and therefore less hindered, polymeric 
organolithiura. Triethylphosphine, diethyl ether, and triethylamine all interact very 
weakly with poly(styryl)lithium; the enthalpies for these bases are all less exothermic 
than the corresponding enthalpies for alkyllithiums. Tt is interesting to note that 
although triethylphosphine interacts more exothermically than triethylamine with 
both simple and polymeric organolithiums, TMEDA interacts much more exother- 
mically than the corresponding diphosphine (TMEDP). The uniqueness of bidentate 
nitrogen bases is also apparent from the relative basicity order observed for 
bidentate bases interacting with polymeric organolithiums: TMEDA > diglyme 
§> dioxane > diphosphine. In order to rigorously interpret these calorimetric results, 
it is essential to know what the nature of the base-PLi adduct is, i.e., the state of 
association and the stoichiometry. These factors will be considered in the following 
sections. 

Comparison of the enthalpies of interaction of 2,5-dimethyltetrahydrofuran vs. 
tetrahydrofuran provides a useful technique for determining the relative steric re- 
quirements of base coordination with a variety of organolithium compounds 82) . 
This method rests on the assumption that the coordination process, whatever its 
nature, is the same for 2,5-dimethyltetrahydrofuran as it is for tetrahydrofuran with 
a given organolithium compound. With this assumption, deductions can be made about 
the coordination process itself by comparison of results for organolithium compounds 
with different steric requirements and different degrees of association. The differences 
in enthalpies of interaction for polymeric organolithiums are shown in Table 9. 
The results for poly(styryl)lithium and poly(isoprenyi)lithium have been reported 
previously 88) . For poly(styryl)lithium, it is well established that the degree of associa- 
tion is two in hydrocarbon solution and one in the presence of excess tetra- 
hydrofuran 42 '. Furthermore, concentrated solution viscosity measurements have 
shown that the equilibrium constant (K) for the process shown in Eq. (11) 

(PSLi) 2 + 2 THF 2(PSLi • THF) (1 1) 

has a value 42> of approximately 160 LM _1 . This equilibrium constant is such that 
essentially all of the tetrahydrofuran will be converted to the adduct PSLi • THF 
under our calorimetric conditions (1.2 mmoles of THF added to 200 ml of a 0.03 M 
solution of PSLi). Therefore, the process involved in the interaction of dimeric 



Table 9. AAH of 1 


nteraction of Polymeric 


Organolithiums 




PLi 


AAH (kcal/mole)* 


PSLi 


2.2 


PILi 


3.2 


PBDLi 


1.5 



AAH represents the difference in enthal- 
pies of interaction of PLI with THF vs. 
2,5-Me z THF 
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poly(styryl)Uthium with tetrahydrofuran, and presumably 2,5-dimethyltetrahydrofu- 
ran, involves conversion into solvated, monomeric poly(styryl)lithium (Eq. (11)). The 
relatively large difference in enthalpies between tetrahydrofuran and 2,5-dimethyl- 
tetrahydrofuran (2.2 kcal/mole) indicates that the base coordination process shown in 
Eq. (1 1) for poly(styryl)lithium is quite sensitive to the steric requirements of the 
base. 

The degree of association of poly(dienyl)lithium compounds in hydrocarbon 
solutions is a matter of current controversy (Table 2). Average association states of 
both two and four have been reported based on light scattering and concentrated 
solution viscosity measurements. An average degree of association of two for poly- 
(dienyl)lithiums has emerged from comprehensive and self-consistent studies utilizing 
combinations of endcapping and linking techniques coupled with concentrated solu- 
tion viscosity measurements 44> . 

The effect of tetrahydrofuran on the extent of association of poly(isoprenyl)li- 
thium in n-hexane has been determined by concentrated solution viscosity measure- 
ments. The equilibrium constant for the interaction of THF with poly(isoprenyl) 
lithium as shown in Eq. (12) 

(PILi) 2 + 2 THF -> 2(PILi • THF) (12) 

has a value 47) of approximately 0.5 LM -1 . This relatively small equilibrium constant 
suggests that complexation by tetrahydrofuran is occurring primarily with the intact 
dimer (Eq. (13)) rather than with the unassociated species (Eq. (12)) as observed for 
poly(styryl)lithium (Eq. (1 1)). 

(PILi) 2 + THF -> (PILi) 2 • THF (13) 

This conclusion provides an explanation for the calorimetric observation that base 
coordination of poiy(isoprenyl)lithium is more sensitive to the steric requirements of 
the base (AAH = 3.2 kcal/mole) than is the coordination process for poly(styryl) 
lithium (AAH = 2.2 kcal/mole), since monomeric poly(isopropenyl) lithium would 
be expected to be less hindered than unassociated poly(styry])]ithium. However, 
dimeric poly(isoprenyl)lithium could very well be more hindered toward base coordi- 
nation (Eq. (13)) than monomeric poly(styryl)lithium (Eq. (11)). 

The nature of the process involved in the interaction of tetrahydrofurans with 
poly(butadienyl)lithium has been less well characterized, although it can be assumed 
to be analogous to the process involved with poly(isopreny!)lithium (Eq. (13)). If 
this is correct, then the interaction of tetrahydrofuran with poly(butadienyl)lithium 
can be described in terms of Eq. (14). 

(PBDLi) 2 + THF -> (PBDLi), • THF (14) 

The decreased steric requirements for this base coordination process (AAH = 
2.1 kcal/mole) compared to the analogous interaction for poly(isoprenyl)lithium 
(AAH = 3.2 kcal/mole) are consistent with a poly(butadienyl)lithium chain end being 
less sterically demanding than a poly(isoprenyl)lithium chain end. Several factors can 
be considered in favor of the same degree of association for the base adduct for 
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poly(butadienyl)lithium and poly(isoprenyl)lithium. First, increasing steric require- 
ments of the organic moiety in an organolithium compound generally lead to decreased 
degrees of association. Therefore, if their degrees of association are different, 
poly(isoprenyl)lithium would be expected to be less associated than poly(butadienyl)- 
lithium. If, however, poly(butadienyl)lithium interacts with THF to form an adduct 
which is more associated than the corresponding adduct for poly(isoprenyl)lithium, 
one would expect the steric requirements to be greater for base coordination to form 
this more highly associated adduct. Since the steric requirements for coordination 
with poly(butadienyl)lithium are less than they are for poly(isoprenyl)lithium, it is 
reasonable to conclude that the same type of coordination process is involved 
(e.g. Eqs. (13) and (14)). It should be noted, however, that this discussion cannot rule 
out the process shown in Eq. (15). 

l/2(PBDLi) 4 + THF -> (PBDLi) 2 • THF (15) 

i.e., a higher average degree of association for poly(butadienyl)lithium versus 
poly(isoprenyl)lithium but formation of the same type of base adduct (Eq. (15) 
versus Eq. (13)). 

N,N,N',N'-Tetramethylethylenediamine and other analogous bidentate nitrogen 
compounds are unique among Lewis bases in their ability to promote reactions of 
organolithiums 87) . As described later, there are many conflicting reports regarding 
the nature of the interaction of TMEDA with organolithium compounds. One 
interesting facet of this chemistry is the stoichiometric dependence of the effect of 
TMEDA on the kinetics and microstructure of organolithium-initiated polymeriza- 
tions of styrene and diene monomers. Schue and coworkers 90) have shown that the 
effects of TMEDA on rates, microstructure and nuclear magnetic resonance (NMR) 
and ultraviolet (UV) spectra for isoprene polymerization are dependent on the base 
to lithium atom ratio R ((TMEDA]/[LiJ) with maxima or minima at R = 0.5. 
Similar results and unusual temperature effects were observed by Antkowiak et al. 91 J 
for butadiene polymerizations in the presence of TMEDA-organolithium complexes. 
In contrast, Helary and Fontanille 92) have reported that TMEDA can increase or 
decrease the rate of polymerization of poly(styryl)lithium depending on the organo- 
lithium concentration. The rate maximum or minimum occurred at R = 1.0, not at 
R = 0.5 as observed for poly(isoprenyl)lithium. These results suggested that the inter- 
actions of TMEDA with polymeric organolithiums may have specific stoichiometric 
dependencies which could be determined using calorimetry. 

The calorimetric data for the exothermic enthalpies of interaction of poly(styryl) 
lithium, poly(isoprenyl)lithium and poly(butadienyl)lithium with TMEDA as a func- 
tion of R are shown in Figs. 4, 5 and 6, respectively. It is obvious from these data 
that the stoichiometric dependence of the interaction of TMEDA with these polymeric 
organolithiums is different for each of these species. In order to try to interpret the 
significance of these results, it is necessary to again consider the question of the state 
of association of these polymeric organolithiums. As discussed earlier, poly(styryl)- 
lithium is predominantly associated into dimers in benzene solution 42 ' 43, 45 ~ 48,S1) . 
In the presence of an excess of the moderately strong base tetrahydrofuran, the self- 
association of poly(styryl)lithium is eliminated 42) . In view of the stronger coordina- 
ting ability of TMEDA, therefore, it would be expected that the following process is 
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involved in the interaction of TMEDA with poly(styryl)lithium, (Eq. (16)). 

(PSLi) 2 + 2 TMEDA - 2(PSLi • TMEDA) (16) 

This is consistent with the relative ease of dissociation of poly(styryl)lithium in the 
presence of bases and also with the concentration dependence of enthalpy versus R 
plot (Fig. 4) with a break observed at an R value of ca. 1.0. These calorimetric results 
are also in agreement with the stoichiometric dependencies observed by Helary and 
Fontanille 92) from their kinetic and spectroscopic studies. For example, they reported 
that the UV wavelength of maximum absorption of poly(styryl)lithium shifted upon 
additions of TMEDA until an R value of 1 .0 and then was constant. They also observed 
that TMEDA additions increased or decreased the rate of polymerization, depending 
on [PSLi]; the increase or decrease in the rate leveled off at an R value of ca. 1.0. All 



Fig. 4. Enthalpies of interaction of TMEDA 
as a function of R([TMEDA)/[Li]) for 0.02 M 
benzene solutions of poly(styryl)lithium 



IOxR ([TMEDA] /[Li]] 



2 - " ■ Fig. 5. Enthalpies of interaction of TMEDA 

■ 1 „ m as a function of R([TMEDA]/[Li]) for 0.02M 

J benzene solutions of poly(isoprenyl)lithhim 
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Fig. 6. Enthalpies of interaction of TMEDA 
as a function of R([TMEDA]/[Li]) for 0.02M 
benzene solutions of poly(butadienyl)lithium 
0 2 4 6 8 10 12 14 
10 x R ([TMEDA)/[in} 

of these results can be interpreted in terms of the process shown in Eq. (16), i.e., they 
are directly related to the stoichiometry of the ground-state interaction of TMEDA 
with poly(styryl)lithium as determined by calorimetry. 

As discussed previously, there is disagreement in the literature regarding the average 
degree of association of poly(dienyl)lithium compounds in hydrocarbon solution. 
Aggregation states of both two and four have been reported for poly(isoprenyl)lithium 
in hydrocarbon solution (Table 2). The stoichiometry inferred for the enthalpy of inter- 
action of TMEDA with poly(isoprenyl)lithium appears to be different than the cor- 
responding process for poly(styryI)lithium. The concentration dependence of the 
enthalpy versus R plot (Fig. 5) exhibits a break at an R value of ca. 0.5 for 
poly(isoprenyl)lithium. Based on comparison of the steric requirements of base coordi- 
nation as determined by calorimetry, it was concluded that tetrahydrofuran may inter- 
act with po!y(isoprenyl)lithium to form a THF-solvated aggregate, presumably the 
dimer (Eq. (13)). It is possible that a similar type of coordination process is 
involved with TMEDA. Obviously calorimetry itself cannot identify the coordination 
process; however, any explanation describing the interaction of TMEDA must be 
consistent with the calorimetric evidence (break at R = 0.5, Fig. 5). Several schemes 
can be used to describe the nature of the interaction of TMEDA with poly(isoprenyl)- 
lithium. The major variables in these different schemes are the degrees of association 
of uncoordinated and TMEDA-coordinated poly(isoprenyl)lithium (Eq. (17)-(20)): 

2 TMEDA + (PILi) 4 2[(PILi) 2 • TMEDA] (17) 

2 TMEDA + (PILi) 4 -+ [(PILi) 4 ■ 2 TMEDA] (18) 

TMEDA + (PILi) 2 [(PILi) 2 • TMEDA] (19) 




2 TMEDA -(- (PILi) 2 2(PILi ■ TMEDA) 



(20) 
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It has been observed that the concentrated solution viscosity decreases upon addi- 
tion of TMEDA to solutions of poly(isoprenyl)lithium 9i) . This would be consistent 
with the process shown in Eq. (17) or (20) and not with Eqs. (18) or (19). The 
decrease in viscosity would be consistent with interaction of TMEDA to form an 
unassociated complex (Eq. (20)), but this does not seem to be in accord /with the 
stoichiometry observed by calorimetry. It is noteworthy that the break observed by 
calorimetry at R == 0.5 is consistent with the stoichiometric dependence of spectral, 
kinetic and microstructure effects 90) . Again this shows that these kinetic effects are 
related to the stoichiometry of formation of base-organolithium adduct, i.e. that 
they are ground-state solvation effects. 

The situation with respect to the association behavior of poly(butadienyl)Uthium 
is analogous to that of poly{isoprenyl)lithium. Therefore, the same ambiguity 
applies to the nature of the interaction of poly(butadienyl)lithium with TMEDA. 
The concentration dependence of the enthalpy versus R plot (Fig. 6) is very complex. 
More insight into the nature of this comparison can be obtained from enthalpimetric 
titration plots of cumulative heat vs. R value for these polymeric organolithiums 
(Fig. 7). Poly(styryl)lithium exhibits relatively simple behavior in this treatment also, 
since here again as in Fig. 4 a break is observed at an R value of ca. 0.9-1 .0. Similarly, 
poly(isoprenyl)lithium exhibits a break at an R value of ca. 0.5-0.6 as observed in 
Fig. 5. The enthalpimetric titration data for poly(butadienyl)lithium is still somewhat 
ambiguous. In one respect the curve for poly(butadienyl)lithium is similar to that of 
poly(isoprenyl)lithium. The initial and final segments of the curve intersect at an R 
value of ca. 0.5-0.6, corresponding to processes such as those shown in Eqs. (17)-(19) 
for poly(isoprenyl)lithium. However, this curve could also be interpreted as pos- 
sessing two breaks; one at an R value of ca. 0.25-.3 and another at an R value of 
ca. 0.9-1 .0, suggesting perhaps either a greater association multiplicity or more strongly 
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Fig. 7. Enthalpimetric titration plot for in- 
teraction of TMEDA with 0.02M solutions 
of poly(styry])lithium (■), poly(isoprenyl)- 
lithium (A), and poly(butadienyl)lithium (•) 
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associated state for poly(butadienyl)lithium versus poly(isoprenyl)lithium. At the 
present time it is not possible to say which interpretation is correct. 

If all of these polymeric organolithiums are converted into unassociated, TMEDA- 
coordinated species at an R value of ca. 1 .0, then the data in Fig. 7 can be used to 
estimate the difference in enthalpies of association for these aggregates. At an R 
value of 1 .0, the cumulative heat in calories can be associated with the process shown in 
Eq. (21), where 

(PLi)„ + nfTMEDA) -> n[PLi • TMEDA] (21) 

PLi represents any polymeric organolithium. For 4 mmoles of organolithium these 
cumulative heats are 61.6 calories, 37.6 calories, and 32.4 calories for PSLi, PILi, and 
PBDLi, respectively. Therefore, the total heats involved correspond to 15.4 kcal/mole, 
9.4 kcal/mole, and 8.1 kcal/mole for PSLi, PILi, and PBDLi, respectively. Thus, the 
conversion shown in Eq. (21) is 6.0 kcal/mole more exothermic for PSLi versus 
PILi, and 7.3 kcal/mole more exothermic for PSLi versus PBDLi. The process shown 
in Eq. (21) can be dissected conceptually into two thermodynamic steps (Eqs. (22) and 
(23)), 

l/n(PLi) n ^ PLi (22) 



PLi + TMEDA -=2* PLi • TMEDA (23) 

with corresponding enthalpies AH d and AH C , respectively. If it is assumed that AH C 
is approximately independent of the nature of the polymeric lithium compound, 
then the enthalpy differences observed can be ascribed to differences in enthalpies 
of dissociation of the polymeric organolithium aggregates. Using these assumptions, 
the calorimetric results suggest that the enthalpy of association of PSLi is at least 
6-7 kcal/mole less exothermic than the corresponding association enthalpies for 
poly(dienyl) lithiums per mole of PLi. These results can be compared with the work 
of Meier 79 > and Morton and Fetters 47 ' who determined the enthalpies of dissociation 
of poly(styryl)lithium (21.8 kcal/mole) and poly(isoprenyl)lithium (36.9 kcal/mole) 
using concentrated solution viscosity measurements. Their difference in enthalpy 
of association for poly(isoprenyl)lithium versus poly(styryl)lithium (15 kcal/mole) 
compares very favorably with the corresponding difference determined directly 
(with attendant assumptions) by calorimetry (12 kcal/mole). It appears, therefore, 
that the difference in the enthalpy of association (exothermic) for poly(styryl)hthium 
versus poly(dienyl)lithiums is in the range of 12-15 kcal/mole. Such a large difference 
could well account for the differences observed for poly(styryl)lithium versus 
poly(dienyl)lithiums in their interaction with bases as determined by high-dilution, 
solution calorimetry. These findings are inconsistent with the divergent values of 
12, 14-15, and 15-16 kcal/mole advanced by Szwarc 76a_78 >, for the poly(isoprenyl)- 
lithium dissociation enthalpy since adoption of his Procrustean assessments would 
require that the corresponding parameter for poly(styryl)lithium assume the unrealisti- 
cally low values of 0 to 4 kcal/mole of aggregated species. 
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5 Initiation Reactions Involving Alkyllithiums 

The initiation events involving dienes and styrene in hydrocarbon solvents have 
been thoroughly and accurately studied by the application of UV and visible 
spectroscopy. The archetype of such studies is the now classic 1960 study of 
Worsfold and Bywater 94 ' on the n-butyllithium-styrene system in benzene. The 
reaction was found to follow the relationship: 



The fractional dependency of the initiation process on the total concentration of 
initiator was rationalized on the basis of the hexameric association state of n- 
butyllithium (Table 1) and the following equilibrium: 



where it was assumed that only the unassociated form of the organolithium was 
reactive toward styrene. An additional assumption was that the equilibrium constant 
for the above dissociation process was no larger than 10 -6 . However, there does 
not exist any direct experimental evidence which demonstrates the existence of 
monomeric n-butyllithium as a distinct molecular species in hydrocarbon solvents 
nor is there corresponding evidence that n-butyllithium exclusively retains its 
hexameric structure at the low concentrations encountered under polymerization 
conditions. 

The above process, Eq. (25), is in conflict with the currently available theoretical 
results (Table 5) regarding the dissociation enthalpies of aggregated organolithiums. 
A similar conclusion was reached by Brown in 1966 70) . This assessment is fortified 
by the fact that the measured 941 energy of activation for the reaction of styrene with 
n-butyllithium, 18 kcal/mole, is a value far lower than that required if the calculated 
dissociation enthalpy of the n-butyllithium aggregates is included in the overall 
energetics of the initiation event. Thus, it would seem that any mechanism which 
involves only unassociated organolithiums as reactive entities is invalid. 

However, a dissociation process parallel to that shown in Eq. (2) should, at least 
at this juncture, not be discounted. A similar assessment can be made for the 
process given in Eq. (3) if alkyllithiums aggregated as dimers are reactive initiators. 
It is also germane to mention that the calculations of Graham, Richtsmeier and 
Dixon 18> show that the bonding in the hexamer of ethyllithium can consist of closed 
three-center Li— C— Li bonds with significant donation from a third lithium. In 
other words, the organolithium hexamers may be described as composed of weakly 
interacting trimers. Thus, the following association-dissociation equilibrium may 
play a role in the reaction involving styrene and n-butyllithium in benzene. 



R,«[»<^H 9 Li# 8 [M 0 ] 



(24) 



(25) 



(n-C 4 H 9 Li) 6 -2(n-C 4 H 9 Li) 3 



(26) 



It should also be mentioned that the work of Graham and coworkers 18 ' apparently 
demonstrates that the identity of the alkyl substituent on the alpha carbon atom 
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of alkyllithiums has little influence on the energetics involved in the various dissociation 
steps and the stability of the various aggregated structures. 

The use of aliphatic solvents causes a profound change, for example, in the kinetic 
behavior of the initiation step of styrene by organolithium species, i.e., the inverse 
correspondence between reaction order and degree of organolithium aggregation 
is no longer observed. This can be seen by an examination of the findings collected 
in Table 10. There it can be readily seen that the use of an aliphatic solvent leads to 
kinetic orders which are unrelated, at least in a direct fashion, to the aggregation 
state of the initiating organolithium. Also, initial rates of initiation in aliphatic 
solvents were found to be several orders of magnitude less than those observed, 
under equivalent conditions when the aliphatic solvent was replaced with benzene. 
Pronounced induction periods are also shown by these systems. 

It, thus, would appear that in aliphatic solvents the initiation process involves 
reaction of the monomer with aggregated organolithium species. A further compli- 
cating feature is the presence of cross-associated structures involving the initiating 
organolithium and the newly formed benzylic- or allylic-lithium species. Solution 
viscosity measurements have shown 45 • 100 • 103, 104) that poly(isoprenyl)lithium can 
form cross-associated complexes with n-butyllithium, ^ec-butyllithium, fm-butyl- 
lithium and ethyllithium. For the latter organolithium, evidence exists 104) that the 
cross-associated state is favored over the two homoaggregated species. 

Kinetic complications are kown to exist when mixed aggregates are present. When 
2,3-dimethyl-l,3-butadiene in heptane is initiated by n-butyllithium, the conversion- 



Table 10. Initiation Studies Involving Organolithium in Hydrocarbon Solvents 



Monomer 


Initiator 


Degree of 
Association 3 


Solvent 


Reaction 
Order 


Ref. 


Styrene 


n-QHjLi 


6 


Benzene 


0.16 


94) 




n-C 4 H,Li 


6 


Cyclohexane 


0.5-1.0 


51) 




i-C 4 H,Li 


4 


Benzene 


0.25 


30) 




j-C 4 H,Li 


4 


Cyclohexane 


-1.4 


30) 


2,4-Dimethylstyrene 


n-C 4 H,Li 


6 


Benzene 
Cyclohexane 


0.16 
0.57 


95) 


p-tert Butylstyrene 


s- and /-QHpLi 


4 


Benzene 


0.25 


96) 




s- and t-CJ^U 


4 


Hexane 


1.0 


97) 


1,1-Diphenyl- 


n-C 4 H,Li 


6 


Benzene 


0.16 


97) 


ethylene 


r-C 4 HgLi 


4 


Benzene 


0.25 


98) 


1,3-Butadiene 


«-C 4 H,Li 


6 


Cyclohexane 


0.5-1.0 


51) 


2,3-Dimethyl- 


s- and r-QjHgLi 


4 


Benzene 


0.25 


99) 


1-3-butadiene 


s- and /-QHgLi 




Hexane 


1.0 


99) 


Isoprene 


n-C^Li 


6 


Cyclohexane 


0.5-1.0 


49) 




5-C 4 H<,Li 


4 


Benzene 


0.25 


30) 




i-C 4 H,Li 


4 


Cyclohexane 


0.75 


30) 




i-C^Li 


4 


Hexane 


0.70 


100) 




s-C 4 H 9 Li 


4 


Cyclohexane 


0.66 


101,102) 




/-QHjLi 


4 


Cyclohexane 


0.2-0.7 


101,102) 



• RLi 
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time curves exhibit pronounced sigmoidal character and show an induction period 105 K 
Also, the propagation rate (at 30% conversion) was found to depend on total 
organolithium concentration raised to the power —0.32. This negative order was 
said to arise from the reduced reactivity of the cross-associated species (BuLi) x • 
(DMBLi) y when x > y. This interpretation was supported by the observation of 
a reduction in the propagation rate of 2,3-dimethyl-l ,3-butadiene (as initially measured 
with no unreacted initiator present) on the introduction of n-butyllithiurn. 

An analogous scenario can be observed for the reaction ol styrene with purified 
f-butyllithium 44,106-108 *. For example, the reaction pattern in benzene revealed 108) 
that rapid initiation took place involving a fraction of the r-butyllithium ; which was 
commercial material purified by sublimation under vacuum. The remaining initiator 
was found to react very slowly with styrene to the extent that initiator remained at 
the finish of the polymerization. An indication of this trend can be seen in the 
chromatogram of Figure 8a for initiation in cyclohexane. 



1 




b L_ 

GPC (counts) 



Fig. 8a. Chromatogram of polystyrene prepared by /-butyllithium in cyclohexane at 35 "C. Initial 
monomer concentration of 0.5M; b. Chromatogram of polystyrene prepared by a second monomer 
addition to the sample shown in Figure 8 a. Monomer concentration of 0.5M after the second 
addition of monomer 
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The presence of residual initiator in the polymerization leading to the poly- 
styrene whose distribution is shown in Fig. 8 b was verified as follows 108) . At the 
completion of the polymerization, both THF and monomer were added to the system. 
The intensity of the absorption band of poly(styryl)lithium (X max 334 nm) was found 
to increase to an extent which demonstrated that ca. 75% of the added r-butyllithium 
remained at the completion of the first polymerization. 

These results indicated that the conventional spectroscopic method of determining 
the completion of the initiation reaction is fraught with potential uncertainties, 
insofar as the /-butyllithium-styrene system is concerned. Hsieh's method l06) of 
analyzing for residual initiator (via GC measurements for isobutane), is unencumbered 
with such uncertainties. 

It has been suggested 107 ' that the failure of /-butyllithium to react completely with 
styrene is due to an impurity (undefined). An alternative explanation of this 
retarded reactivity could focus on the structure, and energetics, of the cross- 
associated complex (or complexes) formed between /-butyllithium and styryllithium. 
It is, though, currently impossible to quantitatively define the role that such cross- 
associated organolithium species play in these initiation events. For example, little is 
known regarding the stoichiometry of the cross-associated species, with the possible 
exception of the poly(isoprenyl)lithium-ethyllithium system where concentrated 
solution viscosity measurements were interpreted 104 > as showing the presence of a 
complex of composition PILi • (C 2 H 5 Li) 3 . Furthermore, the bonding energetics 
of these cross-aggregated structures involving the allylic or benzylic active centers 
with alkyllithiums have not yet been examined. The formation of such cross- 
associated structures is not limited to hydrocarbon solutions. Burley and Young 109> 
have presented spectroscopic evidence that n-butyllithium and 1,3-diphenyl-l-butenyl- 
lithium can form such a complex in ethereal solvents, even though the latter 
organolithium does not undergo self-association in such solvents. 

An interesting extension of the work of Worsfold and Bywater 94 ' is that of 
O'Driscoll, Ricchezza and Clark uo \ Their approach consisted of a kinetic evaluation 
of the reaction of n-butyllithium with styrene in benzene where the monomer 
concentration ranged from 0.2 to 1 .0 mol 1 " 1 . The maximum concentration of styrene 
used by Worsfold and Bywater 941 was ca. 0.03 mol l -1 . O'Driscoll and co-workers 110) 
found that the initiation rate was about an order of magnitude larger than that 
reported by Worsfold and Bywater 941 for comparable concentrations of n-butyl- 
lithium. Also, the kinetic order was found to be 1/3 in initiator at a styrene 
concentration of 0.5 mol I -1 . It was concluded that styrene stabilizes n-butyllithium 
in the trimeric form. Calorimetric measurements indicated that the corresponding 
solvation enthalpy was 10.2 + I.8kcal mol -1 of hexameric n-butyllithium. The 
proposal that styrene can stabilize n-butyllithium trimers is in accord with the previous- 
ly mentioned conclusion of Graham and co-workers 18) that n-alkyllithium hexamers 
can consist of weakly interacting D a trimers. The potential for the interaction 
of styrene with the n-butyllithium hexamer is also supported by the UV results of 
Oliver and co-workers 111,112) which showed that lithium-n electron interactions 
can occur between olefinic double bonds and the lithium counter-ion. 

The validity of the concept that only unassociated organolithiums are reactive in 
initiation is predicated on an assumption that the associated and dissociated species 
are in rapid equilibrium with one another. This, of course, would result in the 
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exchange of the organolithium molecules. The proclivities for exchange for f-butyl- 
lithium have been studied 6,72) in cyclopentane via 13 C-NMR and mass spectrometric 
measurements. Following the removal of solvent, the mass spectra of mixtures of 
isotopically pure f-butyllithium-6 and r-butyllithium-7 demonstrated that complete 
equilibration had not occurred after 12 hours at room temperature. Thus, at least for 
this organolithium, a dynamic equilibrium similar to that shown in Eq. 25 does 
not exist. Nonetheless, as has been mentioned, /-butyllithium is, at least for dienes, 
an effective initiator. The implication that can be drawn from these results is 
that aggregated, e.g., tetramers and dimers, organ olithiums can react directly 
with monomers. It should also be noted, that in contrast to f-BuLi, other alkyl- 
lithiums seemingly undergo fairly rapid intermolecular exchange in hydrocarbon 
solvents 6) . 

An examination of the sources for the initiation results in Table X reveals that 
those studies were done under conditions where both reactants were present at low 
concentration, <1(T 2 M. Thus, none of the results were obtained under conditions 
encountered in the preparation of high polymer, e.g. [RLiJo = 10" 3 and [M]o = 1 
molar. The studies which are available "*.h".»3-i«) wn ere initiation was measured 
under polymerization conditions offer a distinctly different perspective of the initiation 
event, relative to what has been observed for the conditions under which the findings 
reported in Table 10 were obtained. 

Hall U3) , Hsieh 106) , Roovers and Bywater 107) , Tanlak and co-workers n4) , and 
Bordeianu and co-workers 115 y followed the initiation of styrene under polymeri- 
zation conditions in aromatic or alkane solvents using ethyllithium, /-propyllithium, 
or isomers of butyllithium. Without exception, these authors found a first power 
dependency of initiation rate on total active center concentration. Hsieh's results 106) 
and those of Roovers and Bywater I07> also indicate that the first order character 
for initiation is independent of the degree of association (4 or 6) of the alkyllithium. 
The first order dependence of the initiation step on total active center concentration 
is also maintained over the period where cross-aggregated structures, PSLi • (RLi) x , 
are present. 

It could be argued that the results of Hsieh 106> , Tanlak and co-workers U4) and 
Bordeianu and co-workers 115 > were influenced by 'impurities' since their measure- 
ments were done under nonvacuum conditions. However, the work of Hall 113) 
and that of Roovers and Bywater 107) was done using evacuated reactors. An 
important contribution from the work of Roovers and Bywater 107 ' is their additional 
finding that isoprene initiated by /-butyllithium showed the near first-order depen- 
dence of initiation rate on total active center concentration in benzene at monomer 
concentration of >5x 10~ 2 molar while measurements made at isoprene concen- 
trations of 10~ 3 to 10~* molar resulted in the usual J / 4 dependency. 

These combined findings, taken in concert with those of O'Driscoll 110) , show that 
even in aromatic solvents the inverse relationship between organolithium aggregation 
state and reaction order of the initiation step is not always observed. Excess 
monomer (relative to initiator) can influence the initiation event; possibly through 
n-complexation 1U ' 112) with the organolithium aggregates. Consistent with this 
view is that the apparent energy of activation for the initiation of styrene by 
n- butyllithium in aromatic solvents decreases (18 kcal/mole 94) to 6.3 kcal/mole 11 s> 
as the monomer concentration is increased relative to the organolithium concen- 
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tration. Monomer interaction with associated organolithiums was involved in a 
mechanism advanced by Brown in 1965 5) . 

The foregoing information demonstrates that no single process, such as that 
shown in Eq. (24), can be invoked to describe the initiation event in hydrocarbon 
solvents, particularly under conditions leading to the preparation of high molecular 
weight polymer. Obviously, aggregated organolithiums can react directly with olefinic 
and diolefinic monomers. This is, perhaps, to be expected since there does not 
exist any obvious or compelling feature of the bonding patterns in organolithium 
aggregates that indicates that these species by necessity should be unreactive toward 
olefinic or diolefinic monomers. The concept that associated organolithiums are 
reactive in their own right has previously been advanced by Brown 5,70 > and others 

35,41 ,111,116-118). 



6 Chain Propagation Involving Carbon-Lithium Active Centers 

The allylic- and benzylic-lithium active centers, which can be characterized as having 
polarized covalent carbon-lithium bonds in hydrocarbon solvents, have been exten- 
sively studied with regard to their structure, their kinetic behavior in the propagation 
event, and their association states. These latter two topics are the subject of this 
Section. 

It is recognized that the propagation reaction involving dienes or styrene is 
dependent upon active center concentration raised to a fractional power; 1/2 in the 
case of styrene ^i.w.m) and 1/4 to 1/6 for the 1 ,3-butadiene 51 - 120 ~ 122 >, 2-methyl- 
l,3-butadiene 49 - 121 - 124) and 2,3-dimethyl-l,3-butadiene 105> . Unlike the situation 
encountered in the initiation event of styrene and dienes, the reaction order 
dependence of the propagation process on active center concentration is independent 
of the identity of the hydrocarbon solvent, aromatic or aliphatic, although the relative 
propagation rates, under equivalent conditions, are faster in benzene than an aliphatic 
solvent. 

Although data are available 125 - 130 > for dienes which indicate a 1/2 order depen- 
dence of the propagation rate on active center concentration, it appears that the lower 
orders are the correct exponents for these reactions. As a consequence, it has been 
proposed 49) that a process similar to that shown in Eq. (25) holds for these systems, 
i.e., 

(PILi) 4 ^ 4 PILi (27) 

where only the unassociated poly(isoprenyl)lithium species participate in the pro- 
pagation step. Shamnin, Melevskaya, and Zgonnik 13l) , believe that the aggregated 
forms of poly(butadienyl)lithium participate in propagation and in particular that 
the dimeric associate is responsible for 1,2-enchainment. 

The association states of the benzylic- and allylic-lithium active centers have been 
studied by viscosity, light scattering and cryoscopy (Table 2). The majority of 
results indicate that the dimeric state of association is present for these active centers 
at the concentrations appropriate for polymerization (10~ 3 to 10 -4 M). 
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The viscometric method relies on the relation (in the entanglement regime): 



where the constant K includes the concentration term. Since the concentration of the 
polymer solution remains virtually unchanged after termination of the active centers, 
the foregoing relation can be modified as follows: 



where t denotes the polymer solution flow time, the subscripts a and t the active and 
terminated solutions, and N w the weight average association number. The visco- 
metric method potentially represents a convenient and accurate method whereby 
active center aggregation can be measured. 

The technique involving an evacuated capillary viscometer is limited to the 
measurement of polymer solutions having viscosities less than ca. 10 3 poise; a 
point which has been made previously by Hadjichristidis and Roovers 132) . This 
is a consequence of the viscometer type (Ubbelohde) which has been used in these 
determinations. Despite this practical limitation, it has been stated 78) that "there 
is no inherent limit for viscosity measurements, even in conventional types of 
viscometers provided that the tubes are sufficiently wide." However, the limitations 
of operating with an evacuated viscometer, and the flow behavior of high viscosity 
(>10 3 poise) polymer solutions, clearly reveals that the foregoing claim is unrelated 
to reality. 

An examination of the results in Table II shows that the light scattering results 
of Worsfold and Bywater 43,49 ' yield association numbers that are larger than those 
reported by other groups Worsfold 133) has presented results which are claimed 
to demonstrate that the viscosity technique will not detect the presence of poly- 
(dienyl)lithium aggregates with association states greater than two. Briefly, his model 
can be described by considering linear chains with associating groups at one end. 
Such chains will spend some time in the monomeric form and some time in the 
associated state, e.g., as a dimer. As the energy of association increases, the rates of 
interconversion (monomer ^ dimer) will decrease. If these rates are slow enough, 
equilibrium measurements (osmometry and light scattering) should give the same 
information as dynamic measurements (viscosity and diffusion coefficients). Diffe- 
rences are possible if the interconversion rates are rapid, i.e., if the dimer lifetime is 
relatively short. 

Thus, Worsfold 133) measured the association behavior, via light scattering, UV- 
visible spectroscopy and viscosity, of polystyrene chaips capped at one end with the 
dimethylamine group where the associating group was the bis-(2,6-dinitrohydro- 
quinol). This bidentate species; 



n = KM 3-4 



(28) 




(29) 



H0- 




•OH 
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can complex with the tertiary amine groups via the phenol groups. Although not 
considered by Worsfold, the above compound can also self-associate by interaction 
of the phenol groups either with themselves or with the carbonyl oxygens. 

Worsfold found that the degree of association as measured from viscosity was less 
than that indicated by the light scattering and spectroscopic results. It was there- 
fore concluded that the association ^ dissociation rates were comparable to the 
chain entanglement lifetime. As a consequence, Worsfold concluded that viscosity 
measurements involving concentrated solutions of poly(dienyl)lithium in the entangle- 
ment regime could not detect the presence of, for example, star-shaped tetramers 
if the equilibrium 

(PILi) 4 ^ 2 (PILi) 2 (30) 

is very labile. 

Worsfold 133) reaffirmed that the true state of association is four for poly- 
(butadienyl)lithium while poly(isoprenyl)lithium is a mixture of dimers and tetra- 
mers 43) . These conclusions, though, were presented without reference to the light- 
scattering and cryoscopic studies (Table 2) which indicate that the dienyllithium active 
centers can assume the dimeric state at concentrations encountered in the preparation 
of high molecular weight polymers. A pertinent example is the cryoscopic results 
of Glaze and co-workers i6) which showed that neopentylallylithium (the reaction 
product of 1.3-butadiene and r-butyllithium) assumes the dimeric association state 
at low (<0.1 m) concentrations. These results of Glaze are in general accord with 
those of Makowski and Lynn 41 ' who also found (via viscosity measurements) that 
the poly(butadienyl)lithium active center can exhibit a variable degree of aggregation. 

Furthermore, several of Worsfold's assessments seem to be open to question. 
The assertion that "the association (between the allylic-lithium active centers) is 
between ionic species" can be contrasted with the evidence provided by NMR 
spectroscopy 36,1 34 " 143 > which has shown that the carbon-lithium bond of allylic- 
lithium species can possess considerable covalent character. Worsfold has also 
previously published 43 ' concentrated solution viscosity results where the ratio of 
flow times, before and after termination, of a poly(isoprenyl)lithium solution was 
about 15. This finding is clearly incompatible with the conclusion that viscometry 
cannot detect the presence of aggregates greater than dimeric. 

It should also be noted that the viscometric technique can detect the presence of 
star-shaped aggregates, having the ionic active centers. The addition of ethylene 
oxide to hydrocarbon solutions of poly(isoprenyl)lithium leads to a nearly two-fold 
increase in viscosity 1440 . Conversely, this results in an approximately twenty-fold 
decrease in solution viscosity, after termination by the addition of trimethylchloro- 
silane. This change in solution viscosity is reflected in the gelation which occurs when 
difunctional chains are converted to the ionic alkoxy active centers 14 °. 145 . 14 <>) Bran- 
ched structures have also been detected 147 > by viscometry for the thiolate-lithium 
active center of poly(propylene sulfide) in tetrahydrofuran. 

The alteration in solution viscosities brought about by the conversion of the allyllic- 
lithium active center to the alkoxy-lithium species is in accord with the general 
trend 148 > 149 > observed for star-shaped polymers in concentrated solution. It must 
be noted though that viscosity measurements cannot generally be used to detect differ- 
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ences in the degree of branching of star-shaped polymers for the case where the arm 
molecular weight remains constant while the extent of branching is changed. This 
facet of star-shaped polymer rheology has been demonstrated by experiment 148 • 149 > 
and theory 1S0) . 

Recent semi-quantitative solution viscosity measurements by Hsieh and Kitchen 151 i 
using a viscosity monitoring device in a reactor in combination with end-capping 
and linking reactions suggest that the poly(dienyl)lithium active centers (where 
poly(butadienyl)lithium > poly(isoprenyl)lithium) are more highly associated than 
poly(styryl)lithium. These results could be taken as a demonstration that the effective 
degree of association of polymeric organolithiums may be dependent on the time 
scale of the technique used for the measurement. Worsfold and By water 43 } have 
proposed a mechanism to explain such apparent anomalies in terms of intermolecular, 
inter-aggregate exchange reactions. 

However, Hsieh and Kitchen 151 ' failed to consider the influence of their measure- 
ment temperature, 78 °C, on the stability of the poly(dienyl)lithium active centers 
(see section on Active Center Stability). As an example of this potential problem is the 
observation by two separate groups 47 152 ' that viscometric measurements of hydro- 
carbon solutions of poly(butadienyl)lithium fail to yield constant flow times (at 30 °C) 
following the completion of the polymerization, i.e., the flow times were found to 
increase with increasing time. This inability of the poly(butadienyl)lithium chain 
to exhibit constant solution viscosities renders it unsuitable for association studies of 
the type done by Hsieh and Kitchen 151) . 

It is becoming more widely recognized that the kinetic consequences of the 
aggregation involving carbon-lithium species are but imperfectly understood regarding 
both the initiation and propagation processes. An example of this can be seen for 
1,3-butadiene. Johnson and Worsfold 5l) have shown that the propagation rate exhi- 
bits a kinetic order of 1/6 with regard to active center concentration. However, no 
direct relation between kinetic order and association state exists ; even if the tetra- 
meric association state advanced by Worsfold and Bywater 43 * is accepted. 

The influence of the interaction of organolithium active centers with rc-electron 
donors on the propagation kinetics remains unelucidated. These species can include 
such weak donors as durene 153) and lithiated 1-hexyne 154> . The formation of such 
a complex between styrene and poly(styryl)lithium dimers has been invoked by 
Kaspar and Trekoval 155) . In essence, they proposed a mechanism involving the 
slowly established equilibrium formation of monomer-complexed poly(styryl)lithium 
dimers 155) in order to explain their kinetic results for the styrene system where the 
order of the propagation reaction in cyclohexane was found to approach unity at an 
active center concentration of ca. 10~ 2 M. They suggested that the complex takes 
the form of a tetragonal bipyramid having at its apices lithium atoms with a 
coordination number of four. The base of the pyramid was envisioned as consisting 
of two sp 2 hybridized orbitals of the styrene vinyl group a and |3 carbons and the two 
sp 2 hybridized carbanions of the poly(styryl)lithium dimer. It is also germane to 
mention that it-electron interactions have been suggested 143 ) to occur between the 
double bonds in poly(l-butenylene) and the aggregated active centers; a finding in 
accord with that of Smart and co-workers 110 ' in > for 3-butenyllithium (which was 
found to possess the hexameric association state in cyclopentane nl) ). It is appropriate 
to again mention that a mechanism involving monomer complexing with aggregated 
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organolithium active centers as the rate determining step was advanced by Brown 5 
in 1965. 



7 Polymerization in the Presence of Ethers 

Remarkably few systematic studies have been made of the kinetics of anionic 
polymerization in non-polar solvents containing small amounts of ethers; in contrast, 
studies of bulk ether systems abound. Several studies have appeared 156 " 158 ) in which 
the propagation reactions involving styryllithium were measured in mixtures of 
benzene or toluene with ethers. The kinetic orders, in some cases, of the reactions 
were identical to those observed in the absence of the ether. Thus, in part, the 
conclusion was reached 157 « 158 ' that the ethers did not disrupt the dimeric degree 
of aggregation of poly(styryl)lithium. The ethers used were tetrahydrofuran 156) , 
anisole 157) , diphenyl ether 158) , and the ortho and para isomers of ethylanisole 157) . 

An early investigation is that of the influence of tetrahydrofuran (THF) upon 
the polymerization of styrene in benzene by Bywater and Worsfold 156) . For small 
ratios of THF: active centers there is a marked increase in rate; but at ratios above 
about 10 : 1 the rates decline. The absorption spectrum is unchanged by the presence 
of small proportions of THF (2:1) but some broadening is observed at higher 
concentrations. It was proposed that two complexes are involved — a rather reactive 
monoetherate and a much less reactive dietherate; although, it is not obvious why 
these species should have these relative reactivities. When large amounts of THF 
are present (0.15 molar) the propagation exhibits a first order dependence upon 
chain end concentration but with smaller amounts (up to THF/active centers s 17) 
a square root dependence is obtained. These results were interpreted to imply that 
with little THF most of the chain ends form unreactive dimeric associates in 
equilibrium with two reactive species — the non -associated chain ends in the 
monoetherate and non-solvated forms; at high levels of THF all association is 
removed. Investigation of the influence of THF upon the concentrated solution 
viscosity of poly(styryl)lithium dimers revealed 42 > that disruption of association 
occurs at low levels of THF (the weight-average degree of association falling from 
2.0 to ca. 1.5 on introducing a level of THF: active centers of 2: 1). 

In an analogous study, Geerts, Van Beylen and Smets 157> found that the propagation 
of styrene also exhibited a square root dependence of rate upon active center 
concentration when anisole or 4-ethylanisole was present over an ether /lithium range 
of 33 to 1030, and also in the presence of 2-ethylanisole for the range 40 to 3980. 
The cross-over reaction between poly(styryl)lithium and "double diphenylethylenes" 
in benzene with diphenyl ether (ether lithium of 150) also showed a one-half order 
dependence on active center concentration 158 >. The influence of tetrahydrofuran, 
diphenyl ether and anisole on the association of poly(styryl)lithium active centers 
in benzene solution has been examined 42> 52) by the viscometric technique. The results 
revealed that these ethers can cause disaggregation. The relative influence of these 
ethers on poly(styryl)lithium aggregation was found 52) to be as follows: tetra- 
hydrofuran (K s 160) > > > anisole (K 3s 4.2 x 10 -2 ) > diphenyl ether (K & 1.4 
x 10~ 2 ) (units in LM -1 ) where K is the equilibrium constant for the process 
outlined as Eq. (1 1). Thus a comparison of the association numbers found from the 
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viscosity measurements 42, 52 > with the invariancy of the kinetic orders from the 
value one-half reveals that no simple connection between these parameters exists for 
these ether modified systems. 

It should be mentioned that the viscometric technique yields a weight-average 
degree of association 159) , N W) while a number-average (mole fraction) degree of 
association is actually required for the calculation of equilibrium constants associated 
with processes such as shown in Eq. (11). However, as is shown in the Appendix the 
near-monodisperse nature of these polymer systems permits the use of N w in the 
calculation of these equilibrium constants. 

The validity of the viscosity measurements regarding the reported 52 > influence of 
anisole and diphenyl ether on the association of the poly(styryl)lithium dimers has, 
though, been questioned 78 . 16 °. 1 6 1 >. Suffice it to note that the fallacies in the data 
provided 160 > 161 > have been commented upon elsewhere 162) . Even though it is well- 
known that ethereal solvents can interact with organolithium compounds, no expla- 
nation was given 78 - 160 - 16J > as to why aromatic ethers should be completely exempt 
from this general behavior. 

The opinion has also been expressed 133 ' that the viscometric technique will 
"overestimate the degree of dissociation" in systems where the dissociation constants 
involving the influence of ethers are studied. This claim can be examined by con- 
sidering a simple example. Bywater and Worsfold 156) and Meier 79) studied the 
influence of tetrahydrofuran on the propagation rate of styrene in benzene. Their 
kinetic results can be interpreted as showing that at an ether/active center ratio of 
about 10, the poly(styryl)lithium dimers were largely disrupted by solvation with the 
ether for the process shown in Eq. (11). This joint conclusion 79,156) is identical 
to that reached by Morton 42) via the viscometric technique. Thus, at least for the 
case of poly(styryl)lithium, the viscometric procedure does not appear to overestimate 
the extent of dimer dissociation. 

Szwarc and Wang 161 ' have claimed, without citing any supportive experimental 
measurements, that the equilibrium constant for the process shown in Eq. (11) is 
approximately one; a value in stark contrast to that of ca. 160 LM _1 reported by 
Morton. 42) Their assessment is not supported by the viscometric measurements, 42) 
the kinetic findings of Bywater and Worsfold, 156) the association measurements 
reported by West and Waack 56) (Table 3) for benzyllithium in tetrahydrofuran, nor 
by the findings of Kminek, Kaspar, and Trekoval 161a) . 

An example follows. For the case where the concentration of THF was ca. 
4xl0~ 2 M and the active center concentration 1.2xlO _3 M, the interpretation 
given by Bywater and Worsfold 156) to their kinetic findings shows that the propa- 
gation event is carried solely by ether complexed active centers, i.e., the population 
of associated poly(styryl)lithium dimers and unsolvated poly(styryl)lithium active 
centers is negligible. In contrast, the Szwarc-Wang 161 > value of one for the equilibrium 
constant of Eq. (11) dictates that at least 45 percent of the active centers exist in the 
self-associated state. Morton's viscometric findings are also supported by the 
conclusion reached elsewhere 163) that "a 20-fold excess [of THF relative to active 
centers] suffices to dissociate all the lithium polystyryl." 

A potentially valuable contribution to our understanding of the generality of 
a connection between the order of the propagation and active center concentration 
could have come from the study 164) of the polymerization of o-methoxystyrene in 
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toluene where the results were the described as demonstrating that "at the higher 
concentration the ion-pairs occur predominately in the associated form while 
increasing amounts of free-ions are present at lower concentrations." However, as 
has been previously mentioned 162 \ the claimed non-linearity of their plot 76a,164) 
is incorrect since a least mean squares analysis shows that the gradient is 0.62 with 
a 0.9994 correlation coefficient (Fig. 9). Thus if the claimed connection between the 
degree of aggregation and the observed kinetic order is to hold, the association state 
of the styryl active centers would be constant over the same concentration range 
(1.8x 10~ 2 to 5.3 x 10 -4 M). Acting on the assumption that the aggregated chain 
ends were incapable of growth, Smets and co-workers 1M) used a curve fitting 
procedure to deduce that the dissociation equilibrium constant was 10 ~ 3 molar, 
This value dictates that the percentage of unassociated active centers would vary 
from about 15 to 61 over the concentration range studied. Clearly, these values are 
incompatible with those outlined above. 



It is of interest to note that Kminek, Kaspar and Trekoval 165 ) have made 
calorimetric measurements on the interaction of n-butyllithium with several Lewis 
bases at RLi/base ratios of one. The largest enthalpy changes (in agreement which 
the results of Quirk and Kester 8 °- 82 >) were found for TMEDA and dimethoxyethane 
and the smallest with diethyl ether and anisole. Their results for anisole clearly 
show that even aromatic ethers will interact and complex with organolithium species. 
Thus, their findings serve to fortify the viscometric findings regarding the influence 
of aromatic ethers on the poly(styryl)lithium association state. 

It appears that for the ether-modified systems based on styrene, a direct relationship 
between the extent of active center aggregation and kinetic order is not necessarily a 
common feature, attractive as such a concept may be. Thus a single mechanism 
involving only unassociated organolithiums as the sole reactive species should perhaps 
not be invoked as the only explanation for the propagation reactions involving styryl 
and diene monomers. Both Smart 112) and Bartlett U6) have presented findings which 
involve aggregated organolithiums as reactive entities in the presence of ethers and 
tertiary amines. 




Fig. 9. Rate of polymerization vs. 
active center concentration for 
2-methoxystyrene. Rate units are 
in minutes. (Reprinted with per- 
mission from Ref. 52 \ Copyright 
1981, American Chemical So- 
ciety) 
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The influence of tetrahydrofuran on the propagation and association behavior 
of poly(isoprenyl)lithium in n-hexane has been examined 47 '. As for the case of 
poly(styryl)Iithium 156) , the rate of polymerization was found to first increase 
followed then by a decrease as the THF/active center ratio increased. This decrease 
ultimately reached the polymerization rate found in pure tetrahydrofuran at a THF: 
active center ratio of ca. 2 x 10 3 . This was for the case where the active center 
concentration was held constant and the tetrahydrofuran concentration varied. 
The maximum rate of polymerization was found to occur at a THF: active center 
ratio of about 500; a value at which the viscometric measurements demonstrated 47 > 
the virtual absence of poly(isoprenyl)lithium self-aggregation. As noted before in 
this review, the equilibrium constant for the process shown in Eq. (12) has the 
relatively small value of about 0.5 LM" 1 , which is in sharp contrast with the value 
of about 160LM" 1 found for the THF-poly(styryl)lithium system. The possibility 
of complexation of THF directly with the poly(isoprenyl)lithium aggregates, Eq. (13), 
was not considered by Morton and Fetters 47) . 

Davidjan et. al. 166> have made a study of the influence upon the propagation 
of poly(isoprenyI)lithium in n-hexane of very small additions of 1 ,2-dimethoxyethane 
(DME:active centers = 0.01). Analysis of polymer obtained at 10% conversion by 
size exclusion chromatography coupled with a determination of the dependence of the 
stereochemistry upon molecular weight led them to the conclusion that complexation 
reduces the reactivity of what they assumed to be the most reactive species, i.e., the 
non-associated active center. 

A clear consensus 47,156,166) has emerged which indicates that various extents of 
ether complexation with active centers can reduce their reactivity in the chain 
propagation event. If cation-monomer coordination is important, the presence of 
ether in the coordination sphere might be expected to lead to less monomer interaction 
with a subsequent reduction in polymerization reactivity. Clearly, there is a need for 
further work, experimental and theoretical, on this topic. 



8 Polymerization in the Presence of Tertiary Aminees 

Since the linear lithium alkyls can be regarded as living oligomers of ethylene, it might 
be supposed that these would propagate under suitable conditions. An early study by 
Ziegler and Gellert showed 167) that when propyllithium reacts in ether with ethylene 
overnight and is subsequently treated with formaldehyde, a mixture of C6, C8, C10 
and C12 alcohols is obtained. Langer i68) found that alkyllithiums can polymerize 
ethylene to high molecular weight linear high density poly(methylene) in the presence 
of N,N,N^N'-tetramethyIethylenediamine (TMEDA) and proposed that the active 
species has the chelated structure. 




/\ 
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Eberhardt et al. 169 170) found that TMEDA, sparteine or other ditertiary amines 
enable the telomerization of ethylene with benzene by lithium alkyls to yield molecules 
of the general formula C 6 H 5 (CH 2 CH 2 ) n H. A valuable compilation has been made of 
related studies employing polyamine chelated alkali metal compounds 87) . 

The first kinetic studies were made by Hay and coworkers 171 - 172 >. They found that 
the rate of polymerization of ethylene was independent of the concentration of 
TMEDA and concluded that the active initiating species is n-butyl lithium which is 
neither complexed nor self-associated ; initiator efficiences were reported to be less 
than 50%. The rate of consumption of ethylene was found to be proportional to the 
concentrations of ethylene and n-butyllithium. 

Magnin and coworkers 173) also studied the kinetics of the polymerization of 
ethylene in hexane using w-BuLi/TMEDA as initiator and obtained results very 
different from those of Hay et al. 171 - 172 >. The reaction was found to be first order in 
ethylene and to exhibit a square root dependence upon whichever of the substances 
TMEDA or RLi was present in the smaller quantity. With a constant concentration 
of organolithium, the rate increased on increasing the concentration of TMEDA 
until a limiting value was reached when [TMEDA] = [RLi]. These observations were 
rationalized by the scheme: 

(RLi) n + nTMEDA ^ ^ [RLi • TMEDA] 2 (3 1 ) 

(RLi • TMEDA) 2 ^ 2(RLi • TMEDA) (32) 

(RLi • TMEDA) 4- C 2 H 4 - (RCH 2 CH 2 Li • TMEDA) (33) 

The addition of TMEDA to the system results in the formation of a complex of 1 : 1 
stoichiometry which is present largely as an unreactive dimer, in equilibrium with 
a small amount of the highly reactive monomeric complex. Under these conditions 
the overall rate of polymerization R p is given by 

R p = k p [Ethylene] K 1/2 [(RLi • TMEDA) 2 ] 1/2 

2 k p K 1/2 [Ethylene] \X&< 2 (M) 

where the amount of complex is limited to whichever of the initial concentrations 
of TMEDA or RLi is the smaller. In an earlier piblication, the same group 174) 
reported that the consumption of the initiator was complete even if the ratio of 
[TMEDA]: [RLi] was less than one. This implies that the exchange equilibrium 

[RLi • TMEDA] + R'Li ^± [R'Li • TMEDA] + RLi (35) 

is fast, compared to the propagation process. At the very high concentration of 
alkyllithium employed by Hay et al. (0.5 to 1 molar), Magnin et al. 173) found that 
their polymerization rate showed a steeper dependence of rate upon [RLi] than the 
onehalf power they observed at lower (0.03 to 0.3 M) concentrations. As they re- 
marked, with [BuLi] = [TMEDA} = 1 M, some 30% (v/v) of the reaction mixture is 
TMEDA-a situation very different from that at lower concentration. 
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One feature of the earlier work of Schue et al. 174) that does not fit their subsequently 
proposed mechanism 173) is their observation that the propagation rate is directly 
proportional to the initiator concentration when [TMEDA] - [*-BuLi]. They did not 
discuss this point in their latter publication 173> . 

All three isomers of butyllithium in the presence of TMEDA give very similar 
results for the propagation reaction. With n-butyllithium the initiation process 
proceeds at the same rate as propagation, but with 5- and /-butyllithium the initiation 
is faster than propagation 173_17S ), l n these last two cases, the process of initiation 
converts the very reactive secondary and tertiary carbanions into the primary ion. 
A similar phenomenon has been reported by Bartlett et al. 176) who found that i- 
propyllithium in ether solution at —60° adds only a single molecule of ethylene. 

Crassous et al. 177 1 studied the polymerization of ethylene using n-butyllithium 
in conjunction with the tertiary diamines TMEDA, TEEDA (tetraethylethylenedi- 
amine) and PMDT (pentamethyldiethylenetriamine). In contrast to the situation with 
TMEDA the rate of polymerization was found to show a first order dependence 
upon the complexed chain end concentration. Steric hindrance seems to prevent the 
dimerization of the chain ends. Examination of the n-BuLi. TEEDA complex by 
^-NMR shows that the displacement to high field of the protons a to the lithium 
induced by complexation is much smaller with TEEDA than with TMEDA or PMDT. 
With [TEEDA] < [RLi] time-averaged signals were obtained showing that the 
exchange process 

(RLi • TEEDA) + R'Li ^ (R'Li • TEEDA) + RLi (36) 

is fast on the NMR time-scale. A direct comparison of the propagation rate 
constants for poly(methylene)lithium is not possible in the absence of a value for the 
dissociation constant for the process: 

(RLi • TMEDA) 2 ^ 2(RLi • TMEDA) (37) 

No detailed kinetic study was performed with PMDT because rapid metallation 
of PMDT by the complexed organolithium resulted in the generation of a species 
incapable of initiation. Metallation of TMEDA has also been described by Langer 168) , 
but in that system initiation did subsequently occur giving rise to polymethylenes 
containing nitrogen. It is perhaps worth mentioning at this point that treatment of 
TMEDA with molecular sieve, calcium hydride, sodium or sodium-potassium alloy 
is effective in drying. However, treatment with n-butyllithium results in metallation 
to yield a product susceptible to decomposition into lithium dimethylamide and 
N,N-dimethylvinylamine 169) according to the scheme: 

(CH 3 ) 2 N(CH 2 )2 N(CHg ) 2 + n-QjHgLi -> 
(CH 3 ) 2 NLi + CHj-CHNKCIi^ + C 4 H 10 

Clearly, purification of TMEDA by treatment with n-butyllithium, as described by 
Hay et al. 171 \ is not to be recommended. 

Helary and Fontanille 92 1 studied the propagation of poly(styryl)lithium in cyclo- 
hexane in the presence of small quantities of TMEDA. They found (Fig. 10) that in 
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Fig. 10. Determination of the reaction order as a function of active centers at 25 °C. # in the absence 
of TMEDA. Afor (TMEDA]/[PSLi] = 1 ■ Rate units in sec. (Reprinted with permission from Ref. 92 ), 
Copyright 1978, Pergamon Press) 

the absence of TMEDA the propagation reaction exhibits a one-half order dependence 
upon chain concentration, but that when TMEDA is present at a ratio of 
[TMEDA]: [Li] of unity, the order becomes first. In consequence, the addition of 
equimolar TMEDA to a polymerizing system causes an increase in rate when 
the concentrations are greater than that corresponding to the intersection (ca. 10" 3 
molar at 25°); at lower concentrations the addition causes a decrease in rate. Since 
the temperature dependence of the rate of propagation has been determined in the 
presence and absence of TMEDA, it is possible to calculate the temperature 
dependence of the intersection. Raising the temperature to 40 °C alters the concen- 
tration at intersection to ca. 10~ 2 molar. They found that the absorption maximum 
of poly(styryl)lithium in cyclohexane moved from 326 nm to longer wavelengths on 
adding TMEDA, reaching a limiting value of 342 nm at a ratio [TMEDA]: [Li] ^ 1. 
They concluded that the kinetic and spectroscopic observations are in accord with 
the equilibria: 



and that equilibrium (38) lies far to the left and (39) far to the right. The 
reactivity of the complexed chain end is less than that of the uncomplexed non- 
aggregated chain end; a quantitative comparison cannot be made in the absence 
of a knowledge of the values of the equilibrium constants for processes (38) and (39). 
The dimeric chain ends were assumed to be unreactive. 

Helary and Fontanille I78) have studied the influence of the tertiary amine crown 
molecule tetramethyltetraazocyclotetradecane (TMTA) upon the propagation of 
poly(styryl)lithium in cyclohexane at 20 °C using a rapid calorimetric procedure. 
The complexing agent, employed at a [TMTA]: [Li] ratio of unity, caused a shift of 
the absorption maximum from 326 to 345 nm, indicating an increase in interionic 
separation; it was presumed that, under these conditions, there is no aggregation 



(PSLi) 2 ^± 2 PSLi 



(38) 



(PSLi) 2 + 2TMEDA ^ 2 PSLi ■ TMEDA 



(39) 
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of the chain ends. The rate constant calculated on this basis was 750 1 mor's -1 — a 
value much smaller than that observed in benzene : THF mixtures by Worsfold and 
Bywater 179) (40,000 1 molds' 1 ). The suggested interpretation 178 ' that the C— Li 
bond is stretched, increasing ionicity but without causing true separation of charges, 
appears to take no cognizance of the geometrically crowded lithium atom. 

The influence of tertiary bases, such as TMEDA, upon the polymerization of 
conjugated dienes is at once more complex than that of olefins because of the variation 
in chain stereochemistry that accompanies the changes in rate. In an effort to 
simplify the discussion, the question of polymer stereochemistry is deferred to a 
separate Section. 

The kinetics of the polymerization of butadiene by n-butyllithium in the presence 
of TMEDA was studied by Hay and McCabe 180> . They were unable to distinguish 
between addition of monomeric n-butyllithium and that of the species (n-BuLi: 
TMEDA) to the monomer as the initiation step. The initiation efficiency varied 
from 50% at a ratio of [TMEDA]: [Li] of 0.9 to 99% at a ratio of 3.35 and it 
was concluded that propagation involves growth from the loose (solvent separated) 
ion pair of composition (PBLi • 2 TMEDA). The presumption that there is no exchange 
of TMEDA among the complexed species is not in accordance with the observation 
of time-averaged signals in the 1 H-NMR spectrum 181) . 

Vinogradova et al. 182) found that the rate of polymerization of butadiene in 
petroleum ether at 20 °C reaches a maximum value when the ratio of [TMEDA]: [Li] 
is about 4. Measurement of the flow times of a dilute solution of high molecular weight 
poly(butadienyl)lithium containing an equal amount of TMEDA before and after 
termination, suggested that the chains are largely in the non-aggregated form. Analysis 
of the IR spectrum showed that the stoichiometry of the complexed chain end is 
RLi • TMEDA. 

The measurement of concentrated solution viscosities affords a much more sensitive 
indicator of the extent of association than is provided by the dilute solution work of 
Vinogradova et al. 182) Using an Ubbelohde viscometer under rigorous conditions 
of high vacuum, Milner, Young and Luxton 152) measured the flow times of solutions 
of poly(butadienyl)lithium of appropriate molecular weights and concentrations 
before and after the addition of small amounts of TMEDA. From the flow times of the 
terminated solutions, the mean weight-average degree of association N w , was deter- 
mined for a range of values of r = [TMEDA]: [Li]. The results (Fig. 11) show that 
on the addition of TMEDA, N w falls from its initial value of 2.0 towards 1 .0 as r 
approaches unity. Were every original dimeric aggregate dissociated completely by 
the addition of two molecules of TMEDA, N w would fall linearly with r as shown 
by the line in Figure 11; in fact N w falls somewhat faster than this. A possible 
complication which may arise is from the formation of the 3-vinylcyclo(pentyl-l)- 
lithium unit for chains having a vinyl penultimate unit 183_185) . This could involve as 
much as about 10% of the active centers, but the cyclic structure so formed, if 
associated, would exhibit a dimeric or greater degree of aggregation. As has been 
mentioned, Worsfold 133) has suggested that the rate of association-dissociation 
may be altered so that chain "entanglements'* may be removed by one chain 
slipping through the gap transiently open between associating active ends. The effect, 
if such a mechanism exists, would be to cause a drop in viscosity. In the present case, 
the reduction in the mean lifetime of a dimeric aggregate could arise from the 
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Fig. 1 1. Influence of TMEDA on the 
association of the poly(butadienyl)- 
lithhim active center. (Reprinted with 
permission from Ref. 1S2) , Copyright 
1983, IPC Science and Technology 
Press) 



exchange reaction; 

(RLi) 2 + R'Li • TMEDA ^ (RLi • R'Li) + RLi • TMEDA (40) 

on the premise that two molecules of TMEDA complex and dissociate one dimer. 
It would be expected that the rate of polymerization would reach an upper (or lower) 
limit when r = 1 unless a still more (or less) reactive complex containing a greater 
proportion of TMEDA can be formed at still higher values of r. 

The presence of TMEDA has been reported to cause a decrease in the rate of 
polymerization of 2,3-dimethylbutadiene 186) but an increase in that of isoprene 187) . 



Table 11. Analysis of Polyisoprene Fractions Recovered at Varying Conversions of Monomer to 
Polymer 189 » 



Conversion 

% 


Fraction 
Number 


Weight* 
Fraction (%) 


Stereochemistry (%) 
1,4 1,2 3,4 


M expt. 


10(A) 


1 


11 


69 


3 


28 


8.5x10* 




II 


78 


60 


5 


35 


1.1x10* 




III 


11 


16 


7 


77 


5.0x10 s 


35 (B) 


I 


19 


69 


3 


28 






II 


73 


54 


6 


40 






III 


8 


33 


10 


57 




80(C) 


I 


8 


65 


7 


28 






II 


84 


57 


3 


40 






III 


8 


43 


15 


42 





a An evaluation of the chromatograms 189) upon which these values are based fails to support these 
weight fraction values. 
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Contrarily, the rate of isoprene polymerization has been found to decrease when 
TMEDA was added 92 > i88 \ If isoprene is analogous to styrene 92) , the direction 
of change in rate on adding TMEDA will depend upon the concentration of 
chain end. 

In a series of experiments in which r = 0.01 Davidjan et. al. 189) have made a 
systematic study of the influence of TMEDA upon the molecular weight and stereo- 
chemical distribution of poly(isoprenyl)lithium formed in hexane at —30 °C. Reaction 
mixtures were allowed to polymerize to 10,35 and 80% conversion before being 




terminated. The products were each divided into three fractions which were analyzed 
by size exlusion chromatography (SEC). The results are tabulated in Table 1 1 and the 
SEC traces shown in Fig. 12. At low conversion the product has a strongly bimodal 
molecular weight distribution; which sharpened with increasing conversion. The 
stereochemistry of the polymer of fraction III obtained at low conversion is very- 
similar to that obtained when larger amounts of TMEDA are employed and it was 
concluded that this fraction originated from a TMEDA complexed aggregate. The 
high molecular weight fraction I is distinguished by a high 1,4-content, ca. 70%, 
as compared to ca. 80% obtained in the absence of TMEDA. This implies that 
fraction I arises from growth of TMEDA-free active centers which occasionally 
participate in reversible complexation. The potential equilibria which must be consi- 
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dered follow: 



(M x Li) n ^ nM x Li 



(41) 



( M x L i)„ + TMEDA ^ (M x Li) n • TMEDA 



(42) 



(M x Li) n ■ TMEDA + (M y Li) n ^ (M x Li) n + (M y Li) n • TMEDA (43) 



M x Li + TMEDA M x Li • TMEDA 



(44) 



M x Li • TMEDA + M y Li ^ M x Li + M y Li • TMEDA 



(45) 



(M x Li) n TMEDA + M y Li - (M x Li) n + M y Li • TMEDA 



(46) 



In the original paper n was taken to be four 189) although the burden of evidence 
suggests (Table 2) two is more likely. This scheme assumes that complexation need not 
result in disaggregation. Viscometric studies show that poly(butadienyl)lithium 
aggregates are broken on complexation 152) . Calorimetric measurements 89 ) on the 
interaction of TMEDA with poly(isoprenyl)lithium have yielded data that are not 
inconsistent with the formation of a complex between one molecule of the former and 
two of the latter. 

At the low level of TMEDA used, equilibrium (45) is not likely to be of any signi- 
ficance but all the other equilibria must be considered. It is clear from the results of the 
SEC study that several species propagate and that at —30 °C the exchange among 
these is quite slow. Analysis of the SEC results is complicated by the curious decision 
of Davidjan et al. to use different monomer and organolithium concentrations in the 
three experiments carried to different conversions. They concluded however that the 
reactivity increases in the sequence 

(RLi) n < (RLi) n TMEDA < RLi • TMEDA < RLi . 

Accordingly, at low conversion, fraction HI is formed principally from (RLi) n • 
TMEDA, fraction I from RLi and fraction II from all of the active species. 

Cheminat et al. 190) have investigated the polymerization of isoprene using the 
tertiary diamines /?-tetramethylphenylethylenediamine (p-TMPA), o-tetramethyl- 
phenylenediamine (o-TMPA) and bis(4-dimethylaminophenyl)methane (DMAPM). 
A modest increase in the initiation rate was observed for p-TMPA and for 
DMAPM, reaching a limiting value at r = 1.5; with o-TMPA the increase was 
much greater. A parallel kinetic study of the rate of addition of n-butyllithium to 
1,1-diphenylethylenene in the presence of these bases was made. By assuming that 
the kinetic order in the butyllithium was the inverse of its degree of aggregation 
they concluded that the degrees of association of the 1:1 complexes were 6 for 
DMAPM, 4 for /7-TMPA and 1 for o-TMPA. The dangers of this kind of argument 
are obvious. The same comment may be made concerning the conclusion that the 
observed first order dependence of the rate of initiation implies that initiation involves 
both associated and unassociated complexes of butyllithium. 
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9 Spectroscopic Studies of Carbanions 

The electronic spectra of carbanionic polymers have been exploited for many years 
as a means of determining the concentration of the absorbing species. More recently, 
careful study has shown that other information may be obtained — notably concerning 
the conformation of allylic anions. Even more powerful in this respect has been the 
application of NMR techniques, greatly helped by the development of instrumentation 
capable of examining nuclei (such as 13 C) at the natural abundance level. 




X (nm) 



Figure 13. Absorption spectra of poly(isoprenyl)lithrum in n-hexane as a function of concentration. 

The broken curves show increasing absorption at 320 nm in the order , 1.9x 10~ 3 ; , 

2x 1(T 4 ; , 2.63 x 10 _s ; , 3.91 x 1(T 6 M. The solid line is the absorption in benzene 

(for Reference) at a concentration of 3.14xl0~ M. (Reprinted with permission from Ref. 176 \ 
Copyright 1973, IPC Science and Technology Press) 



The electronic spectra of the poly(dienyl)lithiums depend upon the nature of the 
solvent employed, and to some extent upon the concentration. Poly(isoprenyl)lithium 
exhibits an absorption maximum in n-hexane that varies from 272 to 275 nm as the 
concentration is changed from about 10 " 3 to 10" 6 molar 76) , At the lowest concen- 
trations there is the development of a shoulder centered on 315 to 320 nm (Fig. 13). 
These results were interpreted in terms of the dissociation of tetrameric aggregates to 
dimers on dilution. A similar spectral change was noted on changing temperature at 
constant concentration. Subject to the severe experimental difficulties and the assump- 
tions noted by the authors regarding the interpretation of the spectra, the apparent 
dissociation constant is much greater in benzene than in n-hexane (viz 10~ 5 and 
5 x 10~ 7 respectively). In contrast, no dependence of the spectrum upon concentration 
was found for poly(butadienyl)lithium in n-hexane over the range 6xl0~ 3 to 
2xlO- 5 M. 

Somewhat similar spectral changes are observed 191 * when ether solutions of 
(CH 3 ) 3 CCH 2 CH = C(CH 3 )CH 2 Li - a model for poly(isoprenyl)hthium - are 
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cis 




Fig. 14. Spectra of the poly(butadienyl)lithium 
active center at equilibrium in tetrahydrofuran 
at various temperatures. (Reprinted with per- 
mission from Ref. i92 \ Copyright 1975, American 
Chemical Society) 



X(nm) 



examined. At concentrations in excess of TO -3 molar, a shoulder develops at ca. 
260 nm (in addition to the principal absorption maximum at 316 nm) which was 
attributed to the formation of aggregated species. 

Garton and Bywater 192) studied the anionic polymerization of butadiene in THF 
using both lithium and sodium as counterions. They found that the spectrum 
recorded during polymerization depends upon the temperature as shown in Fig. 14. 
On completion of the polymerization at —40 °C the spectrum changed, the intensity 
at longer wavelength decreasing while that at short wavelength increased. A similar sort 
of change in spectrum is caused by changing temperature. Raising the temperature of 
the completely polymerized solution caused a similar loss of intensity at short wave- 
length and a corresponding increase at long wavelength. Analysis of the spectra and 
comparison with the results of NMR studies showed that the active centers exist in 
cis and trans forms differing markedly in spectrum (X^ cis 285 nm ; A max trans 325 nm). 
At equilibrium, the proportion of the cis form increases with decreasing temperature. 
However, the spectra indicate that the trans conformation is preferentially produced 
by propagation, the more so the lower the temperature (kinetic and not thermodyna- 
mic control). At about 0 °C, the rate of conformational relaxation becomes sufficiently 
rapid that the spectrum is independent of the occurrence of propagation. 

The polymerization of isoprene 193) in THF initiated by poly(styryl)lithium resembles 
that of butadiene in that there is evidence of the major active center having the cis 
conformation during polymerization between 0 and —20 °C. Below this temperature 
the absorption maximum moves to longer wavelength corresponding to the preferential 
formation of the trans species. The difference between the absorption maxima of the 
cis and trans ions is quite small, viz. 287 and 305 nm, respectively. Allowing a solution 
of poly(isoprenyl)lithium in THF to warm to 30 °C results in a chemical change to 
a species having a broad asymmetric absorption band with a maximum near 330 nm. 
This process was retarded by the presence of lithium tetraphenylborate — presumably 
by suppressing dissociation into the free carbanion. Lowering the temperature of 
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such an "isomerized" solution to —30 °C caused no spectral change. However, if 
monomer was added to the cooled solution propagation ensued as evidenced by the 
restoration of the original absorption band at shorter wavelength. The identity of the 
species absorbing at 330 nm was not established other than that it is not 



Li formed by a rearrangement of the chain end as had been proposed 



CH 2 

previously 194) . 

Under favorable circumstances NMR spectroscopy can provide unequivocal 
evidence regarding the stereochemistry of the anionic end group in poly(dienyl)- 
lithiums. The immediate problem of detecting signals due to the end group in the 
presence of in-chain units can be solved either by (a) using oligomers of very low DP 
or (b) using an "invisible" polymer "capped" by a "visible" end group. In the 
case of (a) it is assumed that the behavior of an oligomer is identical to that of a poly- 
mer — an assumption probably first questioned by Makowski and Lynn By way 
of illustration, the 1 :1 adduct of butadiene with r-butylhthium is reported as 42% 
cis at —18 °C by Glaze et al. 195) in pure THF and as 40% cis by Bywater et al. 139) 
in equimolar THF/methylcyclohexane at 0 °C. The latter authors, however, found 
that the oligomer (DP = 6) is 66 % cis in pure THF at 0 C C. They noted also that the 
y resonances shift slightly upfield with increasing DP to a limiting position reached by 
(or before) DP = 6. In the alternative approach (b) the in-chain units may be per- 
deuterated and the terminal unit hydrogen containing when 1 H-NMR spectroscopy 
is to be employed. Where 13 C-NMR is planned, capping may be performed with a 
13 C enriched monomer. 

Morton et al. 13S - 141 > were the first to study the poly(butadienyl)lithium anionic 
chain end using (b). They found no evidence of 1 ,2-chain ends and concluded that 
only 1,4-structures having the lithium o-bonded to the terminal carbon were present. 
A later study by Bywater et al. 196) , employing 1,1,3,4-tetradeuterobutadiene to mini- 
mize the complexity of the spectrum that arises from proton-proton coupling, found 
that the 1:1 adduct with d-9 terf-butyllithium in benzene exists as a mixture of the 
cis and trans conformers in the ratio 2.6:1. Glaze et al. 36> obtained a highly resolved 
spectrum of neopentylallyllithium in toluene and found a cis: trans ratio of about 
3:1. 

Bywater et al. 139) found that the mole fraction of the trans conformer of poly- 
(butadienyl)lithium in THF drops from 0.34 at 0 °C to 0.17 at —40 °C; calculation 
shows that this corresponds to an enthalpy change of ca. 3 kcal/mole for the process 
trans -* cis carbanion. Table XII contains data obtained by Glaze et al. 36) 
on the ^-NMR spectrum of neopentylallylithium in benzene, diethyl ether and THF. 
It is at once evident that there is a pronounced and progressive upfield shift as the 
polarity of the solvent is increased: the a protons simultaneously move downfield. 
These changes correspond to the movement of negative charge from the a to the y 
position and the transformation of a substantially covalent structure into one that is 
more ionic and delocalized. 13 C-NMR spectroscopy of the same solution yielded 196) 
the data summarized in Table 12. The upfield shift of the y carbon resonance conse- 
quent upon increase of solvent polarity mimics that of the y proton. An interesting 
and unexpected observation is that the cis: trans chain end ratio is the same in 
benzene as it is in ether but that this is very different from that in THF. Clearly there 
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Table 12. 'H-NMR Data for Neopentylallyllithium 36 - 19s > (5,5-dimethylhex-2-enyllithium) 



Solvent 


Temperature 


Isomer 


5 a 


8 p 


5 T 


J 


















Hz 


Hz 


Toluene 


20 




trans 


0.77 


6.06 


4.64 












cis 


0.80 


6.11 


4.50 


10.0 


10.0 


Ether 


21 




trans 


1.04 


5.97 


4.06 


10.1 


14.3 










1.01 


6.08 


3.89 






THF 


30 




trans 


1.29 


5.98 


3.63 


10.5 


13.4 








cis 


1.19 


6.10 


3.35 


9.9 


9.9 


Table 13. C-NMR Data for the 1 : 1 Adduct of / 


-Butyllithium with Butadiene 


or Isoprene 


36,196-198) 


Monomer 


Solvent 


Temp. 


Isomer 






5 r 


Counter- 


% trans- 
















ion 


isomer 


Butadiene 


Benzene 


20° 


trans 


20.7 


144.3 


103.3 


Li 


77 








cis 


20.0 


140.3 


103.0 






Butadiene 


Ether 


-20° 


trans 




144.1 


84.4 


Li 


75 










30.7 


140.0 


87.6 






Butadiene 


THF 


-20° 


trans 




146.0 


79.6 


Li 


35 








cis 


31.0 


142.5 


81.9 






Isoprene 


Benzene 


20° 


trans 


27.8 


150.6 


100.0 


Li 


65 










24.2 


148.4 


100.4 






Isoprene 


Ether 


-20° 


trans 


36.7 


150.9 


81.8 


Li 


25 








cis 


33.3 


149.2 


87.6 






Isoprene 


THF 


-20° 


trans 


31.8 


149.3 


83.0 


Li 


0 


Isoprene 


THF 


-20° 




36.7 


146.1 


79.2 


Na 


0 


Isoprene 


THF 


-20° 




45.8 


143.2 


71.9 


K 


0 










53.7 


143.4 


70.8 


Cs 


0 



is no simple relationship between charge density and conformational preference. Simi- 
lar studies have been made on 2,5,5-trimethylhex-2-enyllithium; a model of the 
propagating center of isoprene 196 ~ 198) . A selection of U C data is collected in 
Table 13. 

There is an even more striking change in the conformational preference of poly- 
(isoprenyl)lithium on increasing solvent polarity than observed in the poly(butadienyl)- 
lithium model. There is no detectable trans-carbanion in THF, and even changing 
solvent from benzene to ether causes a decrease in the trans content from 65 to 25 %. 
In THF, the exclusively cis conformation is noted 198) for the sodium and potassium 
ion pair of the isoprene model: the butadiene model carbanion is 22% trans with 
sodium but less than 10% trans with potassium (all at —20 °C). 

The influence of the addition of THF to a solution of oligomeric poly- 
(butadienyl)lithium in benzene has been investigated by Bywater et al. 139) . To simplify 
the spectrum, the l,l,3,4-d-4 monomer was employed. With the oligomer having a 
DP of ca. 6 at 0 °C, the percentage of the cis conformer changed in the sequence 37, 59, 
66% as the % THF changed from 10 to 20 to 100%. 

Milner and Young 181 } have made a similar study of the influence of TMEDA 
upon the ^-NMR spectrum of poly(butadienyl)lithium in benzene at 30 °C. In the 
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absence of added base the y resonance consists of three peaks: the two at lowest 
field (Fig. 15) correspond to the trans and cis conformers having a penultimate 
unit enchained in a 1,4-sense, the highest field signal representing carbanions of either 
conformation preceded by a 1,2-unit. Two signals for the p allylic proton correspond 
to the cis and trans conformations. The addition of a small amount (r = 0.05) of 
TMEDA generates a new y resonance at high field while the center peak of the original 
trio, most probably due to the cis conformer, diminishes in intensity. Increasing 
r to 0.4 causes a marked upfield movement of the y proton signals; two are 
evident, that showing the greatest shift attributable to the cis chain end the other signal 
representing the trans. At the same TMEDA level, the p resonances have moved 
downfield. The three resonances may be identified, moving downfield, as due to chain 
ends preceded by a 1,2-unit, trans and then cis, both preceded by 1,4-units. It is clear 
that complexation by TMEDA results in increased ionic character of the chain end. 
Further additions of TMEDA cause greater upfield shifts of the y proton signals and 
downfield shifts of the p, reaching a limit at a level of r in excess of unity. 
These results are interesting in that (a) one conformer is preferentially complexed 
by TMEDA and (b) the cis: trans ratio is relatively insensitive to TMEDA. 
Clearly, (a) may give rise to a rather complex dependence of propagation rate upon r. 
Comparison of the influence of TMEDA and of THF upon the location of the y 
proton resonances underscores the remarkable complexing power of the former agent. 




6.5 6.0 5.0 4.5 4.0 3.5 



Chemical shift {ppm} 

Pig. 15. Influence of the addition of TMEDA upon the spectra of the p" and y protons of poly(ot4- 
butadienyl)lithium. (Reprinted with permission from Ref. 181) , Copyright 1982, IPC Science and 
Technology Press) 
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By way of illustration, to achieve the spectral shift created by TMEDA at a value of r 
of 0.5 and 1.0, it is necessary to add ca. 20 and 35% by volume of THF 139) . With 
both completing agents, lowering the temperature increased the fraction of the trans 
conformer, showing that the equilibrium is mobile although sufficiently slow with 
respect to the NMR timescale to enable the observation of separate resonances for the 
two conformers. Dumas et al. 90> have found that the addition of small amounts of 
TMEDA to poly(isoprenyl)lithium changes the proportion of the cis conformation 
of the chain end from 40% in the absence of base to 100% at a base:lithium 
ratio of about 0.4:1. Brownstein et al. 197) also report a predominance of the trans 
conformation for hydrocarbon solutions of the 1:1 adduct of /-butyllitbium and 
isoprene. Morton et al. U2) obtained very similar spectra for oligo(isoprenyl)lithium 
in benzene but assigned the y resonances to the two conformers differently than did 
Brownstein et al. 197 >. The former group did not explain their assignment; the 
latter group did-they argued by analogy with the butadiene model on the basis 
of the observed coupling constants. There is no evidence of a y proton resonance 
from the chain end of oligo-2,3-dimethyl(butadienyl)lithium in benzene, indicating 
the structure is 1,4-localized and the absence of chain ends corresponding to 
1,2-addition 142) . The chain ends derived from penta-l,3-diene in hydrocarbon 
solvents show some interesting differences from those from isoprene or but- 
adiene 199-201 Using ethyllithium as the initiator, the y proton resonances were 
observed at 4.66, consistent with a localized 4,1 -structure. However, when isopropyl- 
or jec-butyllithium was employed there were also y resonances at 3.16. Taken in 
conjunction with the triplet pattern of the y signals, it was concluded that a much 
more delocalized, or ionic, 1,4-chain end was also present. The differences among 
the initiators was attributed to differences in the relative initiation : propagation ratios ; 
longer chains proportionately less 1,4-structured chain ends. The influence of the 
presence of large amounts of unconsumed initiator was not determined. Oligohexa- 
2,4-dienyllithium in benzene also has a 'H-NMR spectrum that is indicative of a more 
highly delocalized, or ionic, structure 199 - 201 >. The y proton resonance is at 3.15. 
— approximately the same chemical shift as that for they proton of poly(butadienyl)- 
lithium in THF. Hydrocarbon solutions of poly(pentadienyl)lithium and poly(hexa- 
dienyl)lithium are distinguished from those of poly(isoprenyl)lithium and poly- 
(butadienyl)lithium by being strongly colored, i.e., red or yellow. 

The 13 C-NMR spectra of a model for the propagating chain of butadiene have 
been determined (Table 14) 139 ' 196) . Mirroring the behavior of the ^-spectrum, a 
change of solvent from benzene to THF causes a large upfield shift for the y carbon 
atom, a small upfield shift for the (5 and a large downfield shift for the a carbon. 
These changes may be interpreted as arising from conversion to a more highly 
delocalized carbanion on moving from a nonpolar to a polar solvent. Accompanying 
this is a change in the balance of the conformational equilibrium in favor of the 
trans structure. Interestingly, although the chemical shifts in ether and in THF are 
quite similar, the cis: trans ratios are quite different. The factors that govern the 
latter are far from clear. In these unsymmetrical ions there is a preference for 
charge to reside on the a carbon, the more so the smaller the cation. It is 
possible to make a more quantitative estimate of charge distribution if some plausible 
assumptions are made. The generation of unit charge on a single carbon usually causes 
an upfield shift of about 130 ppm. Comparison of the 13 C-NMR spectra of propene 
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Table 14. Calculated charges on Allylic Carbon Atoms of (I) Neopentylallyl*- and (II) Neopentyl- 
methylallyl b -Alkali Metal Compounds 139 . 196 ) 



Metal 


Solvent 


a 


P 


7 


S c 


a 


a 


P 


E c 


Li 


Benzene 


0.79 


-0.13 


0.22 


0.88 


0.80 


-0.14 


0.19 


0.85 




Ether 


0.69 


-0.13 


0.35 


0.91 


0.72 


-0.15 


0.30 


0.87 




THF 


0.69 


-0.15 


0.40 


0.94 


0.73 


-0.15 


0.34 


0.92 


Na 


THF 


0.65 


-0.12 


0.49 


1.02 


0.69 


-0.12 


0.38 


0.95 


K 


THF 


0.59 


-0.11 


0.53 


1.01 


0.61 


-0.09 


0.44 


0.96 


Rb 


THF 


0.55 


~0.11 


0.53 


0.97 


0.58 


-0.09 


0.47 


0.96 


Cs 


THF 


0.51 


-0.12 


0.52 


0.91 


0.54 


-0.10 


0.45 


0.89 



' t-C 4 H 9 CH J CH = CHCH 2 M; 
b t-C 4 H 9 CH 2 CH = C(CH 3 )CH 2 M; 
0 S total charge 



and allyllithium in THF leads to the conclusion that the change in hybridization from 
sp 3 to sp 2 causes a downfield shift of 97 ppm. On this basis, the charge densities of 
Table 14 were calculated from the observed chemical shifts. Although the absolute 
accuracy of these calculations may be subject to query, the trend to increasing electron 
density at the y position is highlighted. 

The structures of benzylic carbanions have been extensively studied and a summary 
of the more important recent results is presented in Table 15. The 'H-NMR spectrum 
of benzyl potassium 202! in THF is upfield of that of benzyllithium 203) as expected 
on the basis of the relative polarizing powers of the two cations. The spectrum of 
oligomeric poly(styryl)lithium which is qualitatively similar, is shifted upfield on 



Table 15. Proton Chemical Shifts for Benzylic Anions 202 ~ 205 > 



Compound 


Solvent 


ortho 


meta 


para 


a 


P 


CH 3 


Benzyllithium 


THF 


6.09 


6.30 


5.50 


1.62 






Styryllithium a 




5.98 


6.53 


5.52 








Styryllithium 


92%^!^ • 


f 6.00 


6.62 


5.32 


3.02 


2.06 






8% THF 














Styryllithium 


THF 


5.87 


6.32 


5.12 


2.36 


1.85 




Benzyl Potassium 


THF 


5.59 


6.12 


4.79 


2.24 






Cumyl Potassium 


THF 


5.15 


6.08 


4.41 






1.48 


a-Methylstyryllithium b 


OA 


5.67 


6.23 


4.66 




1.60 


1.20 






5.29 












a-Methylstyryilithium 


THF 


5.57 


6.10 


4.46 




1.88 


1.51 






5.19 












Dimer a-methylstyryl 


THF 


5.38 


6.01 


4.20 






1.32 


potassium 




4.80 


5.89 










Dimer 1,1-diphenyl- 


THF 


7.01 


6.55 


5.67 






2.48 



ethylene potassium 



* Mean composition C 4 H 9 (CH 2 CHPh)~Li + ; 
" Major component t-QH/CHjCMePhrLi 4 ; 
c K + PhCMeCH 2 CH 2 CMePhK + ; 
d K + Ph 2 CCH 2 CH 2 CPh 2 K + 
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changing the solvent from benzene to THF. Unfortunately, it is not possible to 
provide a simple interpretation of this change purely on the basis of ionic character 
since the active chain ends aggregate to form dimers in benzene, but not in THF 42, 56) . 
The (x-methyl(styryl)lithium oligomer is of special interest since the ortho protons 
(and to a smaller extent the meta-) are inequivalent, showing at once the sp 2 
character of the benzylic carbon atom and the existence of a significant barrier to 
rotation of the phenyl group. Raising the temperature removes this inequivalence. 
It is surprising that no such inequivalence is shown by either cumyl potassium 203) nor 
by the dimeric dianion of 1,1-diphenylethylene 204) . The latter species is also unusual 
in the marked low-field position of its spectrum, which in part is due to non- 
coplanarity. 

13 C-NMR spectroscopy of the dimeric dianions of a-methylstyrene and diphenyl 
ethylene (Table 16) parallels the 'H-NMR spectra in that the ortho carbon atoms of 
the former ion are inequivalent, in contradistinction to those of the latter 206) . 
Comparison of the a-methylstyrene dianion spectrum with that of the related neutral 
hydrocarbon 2,5-diphenylhexane provides particularly clear evidence of the deshield- 
ing of the a carbon atom arising from the change from sp 3 to sp 2 hybridization. 



Table 16. CMR Chemical Shifts for PhCCH 2 CrLCPh in THF M5 > 
K K 





Ipso 


Ortho 


Meta 


Para 




P 


CH 3 


R = QH 6 


145.8 


117.5 


129.2 


108.0 


86.9 


30.4 




R = CH 3 


137.5 


103.5 


129.6 


88 


78.4 


33.6 


19.1 






107.9 


131.5 










2,5-diphenylhexane 


148.4 


127.5 


128.9 


126.5 


41.4 


37.4 


22.9 



10 Stereochemistry of Polydienes 

The stereochemistry of the polymerization of dienes is most conveniently discussed 
in two sections (a) polymerization in hydrocarbon solvents and (b) polymerization 
in the presence of amines, ethers and other electron donors. 

10.1 Polymerization in Hydrocarbon Solvents 

The conjugated dienes can polymerize in four modes: cis 1,4-, trans 1,4-, 1,2- and 
3,4-, the latter pair being equivalent in the absence of appropriate substitution. 
Early workers relied entirely upon IR spectroscopy to analyze the concatenation 
in their polymers. There are a number of problems associated with the technique: 
correct assignment of peaks, the additivity and the inherent insensitivity arising from 
the smallness of the extinction coefficients of double bonds bearing more than one 
substituent (such as arises from 1,4-enchainment). In consequence, the reliability 
of much of the early work is uncertain; the advant of NMR spectrometers has, 
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however, transformed this situation. An extensive compilation of literature data has 
been assembled by Yudin 207) . 

One of the most attractive features of the polymerization of isoprene by 
organohthium initiators is the high content of the cis 1 ,4-structure in the product. 
The figures quoted in the literature vary considerably — probably not only as a 
consequence of errors arising from analysis, but also from failure to recognize that 
the microstructure is sensitive to the concentration of initiator, and to a lesser 
extent that of monomer. Very high cis-1 ,4-content is only obtained (Table 17) when 
very low concentrations of organohthium are employed in the absence of solvent 
while the trans content is enhanced by the use of aromatic solvents and by higher 
chain end concentrations, The connection between the stereochemistry of the in- 
chain units and that of the carbanionic centers is not obvious, the latter having 
apparently exclusively 4,1-structure and with a trans:cis ratio 196) of about 65:35. 



Table 17. Microstructure of Polydienes Obtained using Organolithium Initiators 



[Initiator] Solvent Temp. 1,4-Trans 1,4-Cis 1,2 3,4 Ref. 

moll -1 °C 



Polyisoprene 






6xlO" J 


Heptane 


-10 


lxlO -3 


Heptane 


-10 


lxlO" 4 


Heptane 


*-10 


8xl0 -6 


Heptane 


-10 


9xl0' 3 


Benzene 


20 


4xl0~ 5 


Benzene 


20 


1 x 10 -2 


Hexane 


20 


lx It)" 5 


Hexane 


20 


3xl0" 3 


None 


20 


8xl0~ 6 


None 




Polybutadiene 






5XKT 1 


Benzene 


20 


5xl0" 2 


Benzene 


20 


5xl(T 3 


Benzene 


20 


5xl0 _1 


Cyclohexane 


20 


5xl(T 2 


Cyclohexane 


20 


5xl0" 3 


Cyclohexane 


20 


8xHT 6 


Benzene 


20 


lxl(T 5 


Cyclohexane 


20 


3xl0" 2 


Hexane 


20 


2xl(T 5 


Hexane 


20 


3xl(T 3 


None 


20 


7xl(T 6 


None 


20 


Polyf l-phenyl)butadiene 




2xl<T 2 


Benzene 


20 




Hexane 


20 



Poly(penta-l,3-)dieite 

Hexane 22 



18 




74 




8 


20B) 


17 




78 




5 




11 




84 




5 


208| 






97 




3 


208) 


25 




69 




6 


209) 


24 




70 




6 


209) 


25 




70 




5 




11 




86 




3 


209) 


18 




77 




5 


209) 


0 




96 




4 






62» 




38 




J81) 




83° 




17 




1311 




93 a 




7 








53" 




47 




139) 




90" 




10 




139) 




93 a 




7 




139) 


52 




36 


12 




209) 


68 




28 


4 






30 




62 


8 




209) 


56 




37 


7 




209) 


39 




52 


9 




209) 


89 




86 


5 




209) 


59 




25 




16 




49 




28 




23 




40 




49 


11 







" Total of cis and trans forms 
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However, the absence of a simple correlation need not be totally surprising if propaga- 
tion is only through the intermediacy of a minute proportion of chains present 
in a non-aggregated form with the NMR spectrum reflecting the structure in the 
predominant aggregates. 

Worsfold and Bywater 21 2) have proposed that propagation through non-aggregated 
chains is kinetically (and not thermodynamically) controlled and yields only the 
carbanion having the cis conformation: this can isomerize to the trans form unless 
the geometry is locked in by a further act of propagation : 

~~-~cis* + monomer cis, cis* 

I . 

trans + monomer >■ ——--trans , cis* 

The rate of conformational isomerization in heptane was determined for model 
compounds I, II and III. 

CH 3 CH 3 CH 3 CH 3 

t-BuCH 2 CH=CCH 2 Li i- BuCH 2 CH=CCH 2 CH==CCH 2 LS n-BuCH 2 CH=CCH 2 Li 

i n m 

The rate of isomerization of I was found to be given by the equation; 
Rate = 1.9 x 10 13 exp 

(-^) 

s \ which is too slow to account for the observed 

dependence of polymer stereochemistry upon chain end concentration. However, it 
was found that species II isomerizes some twenty times faster than I — sufficiently 
fast to be of significance in this regard. Interestingly, the isomerization of III 
is faster still. Species II was formed from I by the addition of a molecule of 
monomer : the kinetic study showed that the initial conformation to be >90% cis. 
The observation of first order relaxation with a normal pre-exponential factor suggests 
that relaxation occurs within the aggregates. 

That the chain end concentration influences the geometry of the polymer is due 
to the one-fourth order dependence of propagation upon this quantity. To illustrate 
this point, consider the effect of increasing chain ends by a factor of 10*. The 
propagation rate will increase by a factor of only 10 so that at the higher con- 
centration the chain will, on average, have the interval between successive acts of 
propagation increased by 10 3 , so allowing a greater degree of conformational relaxa- 
tion to occur. 

Morton and Rupert 209) have presented microstructure results for polybutadiene 
and polyisoprene as a function of conversion and temperature. (Tables 18 and 19). 
The results of Table 20 show that the microstructure obtained on polymerizing 

2.3- dimethylbutadiene in heptane depends upon the initiator concentration and upon 
the pressure to which the solution is subjected 2l3) . At constant pressure, an increase 
in the concentration of butyllithium results in a decrease of the 1,2-enchainment and 
an increase in 1,4-trans; the 1,4-cis remains constant. This behavior contrasts with 
that of isoprene where the vinyl addition is increased on increasing initiator concen- 
tration. The geometry of the chain end (0.2 molar) has been reported 142) as entirely 

1.4- , but the conformation does not seem to have been established. Increasing 
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Table 18. Effect of Conversion on Chain Structure of 
Polyisoprene* 



Conv. (%) Trans-1,4 Microstructure b 3,4 
Cis-1,4 



13 2 93 5 

29 3 92 5 

40 2 92 6 

46 3 92 5 

48 I 95 4 

86 1 95 4 



* No solvent ; polymerization temp. = 20 °C ; [s-BuLi] = 

10- 5 M; 
b Via 300 MHz 'H-NMR 



Table 19. Effect of Polymerization Temperature on Polydiene Chain Structure 



Polyisoprene* 


Temp. 


[s-BuLi] 


Solvent 


Microstructure b 






(°C) 


10 3 


















Trans-1,4 


Cis-1,4 


3,4 


1,2 


46 


.01 


None 


1 


95 


4 


_ 


20 


.01 


None 


1 


95 


4 


_ 


0 


.01 


None 


2 


95 


3 




-25 


.01 


None 


3 


93 


4 




40 




Hexane 


18 


76 


6 




-25 




Hexane 


18 


78 


4 




Potybutadiene b 














35 


.007 


None 


9 


85 




6 


20 


.007 


None 


9 


86 




5 


0 


.007 


None 


7 


86 




5 


" Monomer = 


2.5 M; b Via 300 MHz X H-NMR 










Table 20. Influence of Pressure 


and Initiator Concentration 








upon the Microstructure of Poly-2,3-dimethyIbutadiene 


[mono- 








mer] = 3.75 molar 












(BuLi] 


1,4-Cis 1,4-Trans 


1,2 








(Molar) 


% 




% 








Pressure-1 bar 














0.03 


42 


28 


30 








0.09 


35 


40 


25 








0.19 


35 


56 


9 








0.25 


38 


54 


8 








Pressure-6000 bars 












0.03 


47 


9 


43 








0.09 


46 


15 


40 








0.18 


47 


25 


28 








0.25 


47 


29 


24 









Solvent — Heptane 
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pressure results in increasing fractions of 1,4-cis enchainment. Beilin et al. have 
suggested 214) that the cis enchainment of butadiene and of isoprene occur on the 
monomelic form of the chain end while the "formation of the other units is 
connected with the associates". In the absence of experimental data, particularly 
relating to the aggregation constants for the poly(dienyl)lithiums, it is difficult to 
comment upon this proposal. It is worth emphasizing that the assumption of 
inactivity in aggregates is based solely upon the belief that there is a necessary 
connection between the degree of aggregation and the kinetic order. The possibility 
of direct reaction of monomers with the aggregated forms of organolithium active 
centers has been mentioned previously in this review. 

From their study of the ^-NMR spectra of oligo(dienyl)lithiums prepared from 
butadiene and isoprene, Morton et al. concluded 141 • 142) that in hydrocarbon solution 
the lithium is essentially a-bonded to the terminal carbon atom with no detectable 
1,2- or 3,4-structure in the carbanion. In order to account for the respective in-chain 
1 ,2- and 3,4-units they concluded that there is an undetected small (less than I %) 
content of an exceptionally highly reactive species. Two possibilities were envisaged 
for isoprene : 



2 C CH 2 l 

H X CH 3 
4,1 



~H 2 C CH 2 



~H 2 C CH 3 
H CH 2 Li 



CH 3 



CH 2 Li 



~H 2 C Ll ^CH 2 



~H 2 C N CH 3 

/ C==C N 
H CH 2 Li 



~H 2 C CH3 
/ C ~ C v 



In (a) there is a 4,1 ^ 4,3 tautomeric equilibrium in which the proposed minute 
amount of 4,3-chain end is of sufficient reactivity to account for the in-chain 3,4- 
units amounting to some 10 % of the chains. In alternative (b) a covalent a ^ ionic % 
equilibrium exists which is heavily in favor of the covalent structure; again the n-form 
is supposedly highly reactive, leading to in-chain 1 ,4 and 3,4 placement. A fundamental 
difference between these proposals is that whereas (a) leads to trans 4,1 ^ cis 4,1 
carbanion isomerization, proposal (b) does not. Morton et al. 142) found that on 
storing their samples at 50 °C for a few days, some decomposition took place and the 
cis: trans ratio of the living ends increased if the original initiator was sec- 
butyllithium,but decreased if it was wo-propyllithium. This difference in behavior 
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was attributed to the different cross-associates formed with unconsumed initiator 
which was present in large amounts. This pattern of different alternation of conforma- 
tion was taken as evidence for (b). However, it is clear that there is facile cis- 
terns isomerization in poly(butadienyI)Iithium 2I2) and it is most unlikely that this is 
not also so for poty(isoprenyl)lithium. Accordingly, it would seem that proposal (b) 
can be discounted, at least in the form originally proposed. 

More compelling evidence for a Jt-allyl, or at least a more highly delocalized 
chain end, was reported for penta-1 ,3-diene by Morton et al. 199 - 200 >. In benzene, 
using isopropyllithium as initiator, they observed ^-NMR resonances at 3.15 due 
to the y proton of the 1,4-end and at 4.6S due to the y proton of the 4,1 -end. The 
remarkably high field position of the former y proton (analogous to that of poly- 
(butadienyl)lithium in THF) corresponding to a large charge density necessarily 
implies significant delocalization. 

An interesting study 215) of the reaction with n-butyllithium in toluene of hydro- 
carbons (A) and (B), respectively analogous to the cis and trans isomers of non-rigid 
dienes, has shown that (B), unlike (A), is unreactive: 



The polymerization of 1-phenylbutadiene by lithium alkyls in hydrocarbon solvents 
results in 50-60% trans-1,4, some 25% cis-1,4 and 10-25% 3,4-enchainment 210) . 
When THF is employed as solvent, the corresponding values are about 80, 1 0 and 1 0 % 
respectively. 

Inomata 2U) studied the 'H-NMR spectra of poly(penta-l ,3-diene) and concluded 
that with hexane as polymerization medium the polymers were about 49% cis-1,4 
and 40% trans-1,4 enchained. The polymer derived from the cis monomer had 12% 
of 1 ,2-units which were exclusively trans ; that from the trans monomer had some 10 % 
of 1,2-units, two thirds of which were trans. Aubert et al. 21 6) made a more extensive 
study of pentadiene polymers using both *H and 13 C-NMR spectroscopy and modified 
the cis and trans-1,4 methyl resonance assignments made by Inomata 2U) . 

The stereochemistry of diene polymerization is somewhat dependent upon tem- 
perature; note however the results of Morton and Rupert 209) (Table 19). In 
general, linear Arrhenius plots are obtained. Some pertinent data are summarized in 
Table 21 ; for convenience results are presented for both solvating and non-solvating 
media. The structures obtained in solvating media are very different from those 
obtained in hydrocarbon solvents (cf Tables 17 and 22). The sensitivities to tempera- 




Bu 



Bu 




no reaction 



Table 21. Enthalpy and Entropy Differences 8 for Different Addition Modes 



Monomer 


Solvent 


A v — A l 




1.4cis 


Al 4,rans 


Ref. 






AH 


AS 


AH 


AS 




Butadiene 


Cyclohexane 


1.16 


0.38 


0.90 


0.18 






Cyclohexane/ 










2U 




THF 












Butadiene 


Dioxan 


-2.9 


- 5.5 








Isoprene 


Benzene 


0.5 


4.0 


-2.0 


-4.0 


219) 


Isoprene 


Dioxan 


-5.7 


-14.7 






219) 






-3.3 


- 8.3 


1.9 


4.0 


218) 


2,3 Dimethylbutadiene 


Heptane 


-3,8 


- 4.4 






210) 




Dioxan 


-1.2 


- 4.0 










THF 


-0.98 


- 3.70 






220) 




THF 


-3.25 


-12.87 






220) 



1 AH in kcal mol" 1 , AS in cal mol" 1 K" 1 ; 
b A v refers to the sum of 1,2 and 3,4 addition; 
0 above— 30 °C: 
" below -30 °C 



Table 22. Microstructure of Polydienes Prepared in Solvating Media 



Solvent Cation Temp. Cis 1,4 Trans 1,4 3,4 1,2 Ref. 

<°C) % % % % 



THF 


Li 


80 




25 




70 


21B) 


THF 


Li 


15 




13 




87 


218) 


THF 


Na 


0 


6 


14 




80 


192) 


Dioxan 


Na 


15 




15 




85 


218) 




K 


15 




45 




55 


218) 




Cs 


15 




59 




41 




Radical Polymer 






25 


50 




25 


227) 


Isoprene 
















THF 


Li 


30 




12 


59 


29 


228) 


THF 


free anion 


30 




22 


47 


31 


228) 


THF 


free anion 


-70 




10 


45 


45 




Ether 


Li 


20 




35= 


52 


13 




Ether 


Na 


20 




17* 


61 


22 




Ether 


K 


20 




38" 


43 


19 




Ether 


Cs 


20 




52 a 


32 


16 




Dioxan 


Li 


15 


3 


11 


68 


18 


218) 


TMEDA" 


Li 






30 


55 


15 




TMEDA C 


Li 






25 


45 


30 




DME 


Li 


15 












Radical Polymer 






63 


25 


6 


6 


227) 



" cis and trans- 1,4 not separated but predominance of trans expected; 
b Principal solvent was benzene; base: Li ratio was 60: 1 ; 
c Principal solvent was hexane; base: Li ratio was 1:1 
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ture are also dissimilar being more marked in solvating media. With isoprene and 
butadiene vinyl content decreases slightly pn lowering the temperature in hydrocarbons 
but rises quite steeply in ethers. The dependence of the microstructure of poly-2,3- 
dimethylbutadiene upon reaction conditions shows some interesting features 220) . 
A high percentage of 1,4-addition occurs in hydrocarbon solvents. In THF at 0 °C 
there are almost equal amounts of 1,2- and 1,4-addition whereas at —78 °C the 
1,2-content is 86%. An Arrhenius plot of In ([1,4]/[1,2]) vs 1/T exhibits a change of 
gradient at about —30 °C, corresponding to a higher activation energy at low 
temperature. It was suggested that the sterically hindered 1 ,2-placements are inter- 
rupted by 1,4-placements ever more frequently as the temperature increases until at 
—30 °C and above there are alternating placements. These structural observations 
have been confirmed and elaborated 221) . 

13 C-NMR spectroscopy has shown that the polybutadienes prepared using alkyl- 
lithium initiators have random placement of the different modes of enchainment 222, 
223) . This contrasts with an earlier claim of blocky structures 224) . Random sequence 
distribution has also been established for polyisoprene by 'H-NMR 22S) and 13 C- 
NMR 226) spectroscopy. 



10.2 Polymerization in Solvating Media 

Under the conditions customarily employed (chain end concentration ca. 10" 3 molar) 
for polymerization in solvating solvents such as ethers or amines, there is no significant 
tendency for aggregation of the propagating centers. However, complications can 
arise as a consequence of the simultaneous presence of ion pairs and free carbanions. 
Because of the exceptionally high reactivities of free carbanions and loose ion pairs 
compared to the modest reactivity of tight ion pairs, the course of the polymerization 
may be dominated by the presence of very small amounts of the two former species. 
The contribution of free carbanions can readily be determined by monitoring the conse- 
quences of suppressing dissociation by the introduction of a highly dissociated 
unreactive salt having a common cation. Because of the very small dissociation 
constants for poly(styryl)lithium, and the even smaller constants for poly(dienyl)- 
lithiums, a minute quantity of added common cation will completely suppress dis- 
sociation. 

A selection of data relating the stereochemistry of polyisoprene and polybutadiene 
to the preparative conditions is shown in Tables 22 and 23. The extent of 1,2-addition 
of butadiene is very high in comparison with the situation in hydrocarbon solvents 
and is decreased in favor of trans 1,4-addition by raising the temperature or by 
using a heavier alkali metal cation in dioxan or THF 192 • 218) . When the major compo- 
nent of the solvent is a hydrocarbon and the solvating base is added in modest pro- 
portions the resulting stereochemistry is sensitive to temperature to an extent that 
depends on the base : lithium ratio (Table 23). Weak donors such as ether and triethyl- 
amine need to be present in large proportions to engender much 1,2-addition, 
whereas the powerful chelating agents TMEDA and DPE cause very large percentages 
of vinyl addition. In general, on raising the temperature of the polymerizing system 
the influence of the base is reduced. Since the effect of increasing temperature is most 
marked at low ratios of base: lithium, the phenomenon is most readily ascribed to 
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Table 23. Dependence of Vinyl Content of Polybutadiene upon 
Temperature and Concentration of Base 2 - 91) 



Base [Base}/[Li] % 1,2-addition at 



30 °C 50 °C 70 °C 



Triethylamine 270 

Ether 12 

Ether 96 
THF 5 

THF 85 
TMEDA 1.14 
DPE" 1 

DPE" 10 



a DPE is 1,2-dipiperidino ethane 



37 


33 


25 


22 


16 


14 


36 


26 


23 


44 


25 


20 


73 


49 


46 


76 


61 


46 


99 


68 


31 


99 


95 


84 



*CH 2 — CH^ \h— CH=CH 2 

CH CH 2 

Li • TMEDA 



increasing dissociation of the lithium-base complex on warming 91, 232) . In accordance 
with this interpretation, the sensitivity to temperature is greater the smaller the base: 
lithium ratio. The enchainment of butadiene in a virtually 100% vinyl fashion in the 
presence of DPE is remarkable 2) . Since similar results are obtained using other bulky 
chelating bases, but not with TMEDA, it would seem that steric factors play a 
particularly important role in directing the course of propagation. One interesting 
phenomenon observed with TMEDA is that considerable cyclization (ca. 60%) 
results when the butadiene monomer is introduced into the reactor at low rates 183 " 18S> . 
Under such conditions propagation does not effectively compete with cyclization; 
similar results are obtained with DPE 93) . 

CH 2 — CH CH'' Li ^CH 2 *- 



The polymerization stereochemistry of isoprene is also very sensitive to solvation 
or complexation. Addition in a 1,4-sense is generally largely, or exclusively, trans; 
addition in the 1,2-mode is accompanied by much larger proportions of 3,4- 
enchainment with the only exception 219) being free carbanionic propagation in THF 
at —70°. It is worth taking particular note that although ^-NMR studies have 
only detected the presence of anionic 4,1 -chain ends there must, nonetheless, be 1,4- 
anions also in order to generate in-chain 1,2-placements: 

r 

•n CH 2 — C^'^CHj — 1 , k- and 3, k - enchainment 

X 

CH 2 — C^SCH 2 — +* 1,4--and 1,2- enchainment 

CH 3 Li 
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It has been reported that when employing isoprene enriched with 13 C- at the 1 -position, 
reaction with r-butyllithium in benzene resulted in "moderately strong" signals from 
the 1,4-chain end 233 >. 

Polyisoprene obtained in very powerful solvating media such as DME or hexa- 
methylphosphoramide is largely formed by free anion propagation 231) . Similar poly- 
mers are formed in dioxan when the cation is complexed by an appropriate 
cryptand. In this last case, the interionic separation is presumably sufficiently large 
that the influence of the cation is minimal 230) . These polymer structures differ most 
notably from those obtained with ion paired systems in that the latter have a much 
lower content of 1,2-units. This implies either that a greater fraction of the free 
anion exists in the 1,4-form than is the case with the ion pairs or, that in the 
1,4-chain end the reactivity at the 2-position (relative to the 4-position) is greater 
in the free ion than in the ion pair. In weakly solvating media having low dielectric 
constants the only kinetically significant species are the tight ion pairs. Generally, in 
these solvents increasing cation size results in an increase in the 1,4-trans content 
at the expense of the 3,4-; the 1,2- is substantially unchanged m > 218 >. 

Salle and Pham have proposed 220) that in a solvent such as dioxan, the tightly ion 
paired species poly(isoprenyl)lithium propagates through the intermediary of a mono- 
mer-complexed species. Coordination by isoprene involves only the 3,4-double bond 
due to the relative inaccessibility of the lithium arising from its coordinating dioxan 
molecules. Propagation yields the trans allylic anion; of a second act of propagation 
takes place sufficiently rapidly, the trans active end will become an in-chain 1,4-trans 
or 3,4-unit. If, however, there is a sufficient delay between successive acts of 
propagation, the anionic chain end can relax to the more stable cis conformation and 
propagation will thereby result in 1,4-cis or 4,3-addition. This proposed competition 
between kinetic and thermodynamic control is analogous to that suggested by Wors- 
fold and Bywater 2I2) for the propagation of poly(isoprenyl)lithium in hydrocarbon 
solvents. 



The tacticity of anionically prepared polystyrenes has been the subject of 
extensive study by a number of groups of workers, mostly by means of 13 C-NMR 
spectroscopy. From a study of the aromatic CI resonances, Matsuzaki and coworkers 
found 234) that there is a tendency towards syndiotacticity when using n-butyl- 
Iithium in toluene as initiator. From the sensitivity of the CMR spectrum to the 
nature of the solvent employed it was concluded that the polymerization did not con- 
form to Bernoullian statistics. Randall examined the methylene resonances in the 
CMR spectrum and concluded that butyllithium initiated polystyrene is essentially 
atactic 235) and that propagation is Bernouillian. Uryu et al. 236) examined polystyrene 





Li 



1,4 cis 
and 
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formed with other alkali metal initiators in several solvents. They found that in THF 
and DME with Na, K, Rb and Cs counterions, the values of P r fall in the range 
65 to 69%. In diethyl ether at 30 °C, they found a shift towards atacticity with 
increasing cation radius: Na (66%), K (60%), Rb (53%) and Cs (55%). At lower 
temperature (—78 °C) with the heavier cations, a slight bias towards isotacticity was 
evident: Rb (46%) and Cs (44%). It must be said, however, that there are some 
disquieting features in their preparative work. Fluorenylcesium was used as an initia- 
tor, although it is generally claimed to be unreactive in this capacity. Furthermore, 
the description of the reaction mixture of styrene and sodium naphthalene in THF 
as having a "greenish red" color is alarming and the interpretation that this reflects 
incomplete consumption of initiator despite being accompanied by the generation 
of high molecular weight polymer is certainly incorrect. Suparno and coworkers 237) 
obtained values of P r in THF which are in good agreement with those of Matsuzaki 
et al. 234) ; in toluene, hoever, they found a bias towards syndiotacticity (with K + and 
C s + ) in contrast to the Japanese group who reported 236) an isotactic bias. 

Wicke and Elgert 238) have concluded that the tight ion pair, the loose ion pair and 
the free carbanion of poly-a-methylstyrene generate the same tacticity. With n- 
butyllithium as the initiator in THF, the activation energy for meso propagation is 
a little greater than that for racemic propagation (15.6 and 14.9 kcal/mole respective- 
ly); the pre-exponential factors are the same 239) . 



11 Chain Propagation in Ethers 

Perhaps the most noteworthy feature of many anionic polymerizations conducted in 
ethereal solvents is that the propagation reaction is a dual process, i.e., ion pairs and 
free ions coexist and exhibit distinctly different reacti vies 240 " 2441 . The free ion con- 
centration is generally limited to 1 % or less of the total active center concentration 
while the relative reactivities diminish in the sequence free anion S; loose (solvent- 
separated) ion pair P tight (contact) ion pair. 

The propagation reaction in these systems is characterized by an expression of the 
type 240 ~ 245 >: 

k <*s = K c x + + k_K^ s C 0 - 1/2 (47) 

where c t and c, are respectively the mole fractions of ion pairs present in the 
tight and loose forms, 1^, k, and k_ are the rate constants for the tight ion 
pairs, the loose ion pairs and the free carbanions while C 0 denotes the total active center 
concentration. 

The poly(styryl)lithium active center was found 179) to partially dissociate into 
the free ion in benzene-THF solution when the mole fraction of THF in the solvent 
mixtures was > ca. 50%. Solvents or solvent mixtures of lesser polarity generally do 
not lead to the formation of significant concentrations of the highly reactive free 
ions, i.e., the ion pair reaction appears to dominate. 

Morton and co-workers 126) were apparently the first to study the polymerization 
of butadiene and isoprene in THF. Their work was subsequently followed by that of 
Arest-Yakubovich and Medvedev 245) . These combined results indicated that for the 
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lithium counter-ion, the reactions are first order in active centers. Thus, the ion pairs 
were implicitly assumed to represent the only active species. 

However, the later work of By water and Worsfold 228) clearly showed that the free- 
ions do contribute, albeit to a relatively small extent, to the propagation process for 
isoprene in THF. At 30 °C, the rate constants for the ion pair and free ion were 
found 228) , respectively, to be 0.20 M" 1 s" 1 and 2.8 x 10 3 M" 1 s _1 while the dissocia- 
tion constant was 5.0 x 10 -1 ° M. In diethyl ether at 20 °C, the ion-pair seems, though, 
to be the sole active center 246) . At —20 °C, the ion pair propagation constant in THF 
is decreased 193) to ca. 7 x 10~ 3 M _1 s _1 . 

The respective propagation constants for isoprene in THF should be considered to 
be composite values since the polymer prepared in THF contains both 3,4 and 1 ,2 units 
in a ratio of about 7/3 228) . Thus the two active centers 



CH 3 H 3 C H 

— CH 2 -HC^-^CH 2 and -CH 2 -cAcH 2 



and their respective free ions will contribute to the polymerization. 

Vinogradova et al. W) have measured the electrical conductivity of poly(butadienyl)- 
lithium over a wide range of concentration in dimethoxyethane and THF. The former 
solvent led to an active center dissociation of about 1 %. The rate of propagation of 
poly(butadienyl)lithium was determined 248 > in THF and it was concluded that tight 
ion pairs and free carbanions participate according to the usual law shown in Eq. (47). 
The plots of k obs vs. Q" 1/2 were linear although the authors 248) did not comment on 
their negative intercept, i.e., negative values of the ion pair rate constant, k ± . At 
20 °C for poly(butadienyl)lithium in THF K diss was found to be 5.1 x 10 -10 M _1 
while k_ was 2.0 x 10 3 M~ l s" 1 . These values are similar to those measured for 
poly(isoprenyl)lithium under the same conditions. Although Vinogradova and co- 
workers 248) did not report the ion pair propagation constant for poly(butadienyl)- 
lithium in THF (20 °C), the value of ca. 0.38 M -1 s" 1 is avalable from the work of 
Garton and Bywater 249) . 



12 Copolymerization Involving Diene and Styrenes 

Contrary to what has been observed for radical systems, lithium based anionic 
copolymerizations usually exhibit pronounced sensitivity to solvent type. Thus, the 
polarity and solvating power of the solvent will influence the copolymer reactivity 
ratios while mixtures of e.g. ethers and hydrocarbons will lead to effects inter- 
mediate with regard to what is observed for the pure solvents. 

It has been found (Table 24) that in hydrocarbon solvents, the diene polymerizes 
preferentially in diene-styrene systems, initially to the near exclusion of the styrene 
even though the latter monomer exhibits the faster rate of homo-polymerization. 
When the diene supply nears depletion, styrene begins to become incorporated into 
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Table 24. Copolymerizations in Hydrocarbon Solvents 
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Ref. 
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Hexane 
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1 ,3-butadiene 




40 
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251) 






30 




n \ » 


251, 
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0.40" 


251) 




Benzene 
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Stvre 
y ne 


Benzene 


29 


A - 


0.08-0.41 








30 


10 




254 
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30-50 


20 


0.05 






Toluene 


25 


12.5 


0.1 


256, 




Cyclohexane 40 




<( <\ rv! 






Hexane 


50 


i< 


0.025 


258) 




Heptane 


30 


1 




259) 


Styrene 


Benzene 


30 


7.7 


0.13 


260) 






29 


4.9-23.1 


0.13-0.46 








30 


7.0 


0.14 






Toluene 


27 


9.5 


0.25 


262, 




Cyclohexane 40 


16.6 


0.046 


263, 


Styrene 


Benzene 


30 


5.55 


0.08 




p-tert-Butyl 












styrene 


Benzene 


20 


1.30 


0.84 


265, 


/>-Methylstyrene 


Benzene 


20 


0.72 


1.09 


265, 






30 


2.5' 


0.4" 





2-Methyl- 
1,3-butadiene 



2-isohex-3-enyl 
l,3-butadiene h 
Styrene 

Styrene 



* Average values from results determined by five different methods; 
b Myrcene; 

c Active center concentration ca. 50 times larger than that (~ 10" 3 ) of Ref. 265 



the chain in a significant fashion, and the polymerization rate approaches that of 
styrene alone. 

A parallel situation is encountered for the copolymerization of 1,3-butadiene with 
isoprene. McGrath et al. 251) have shown that in homopolymerizations, under equiva- 
lent conditions, isoprene exhibits a rate constant which is more than five times larger 
than that observed for butadiene. However, butadiene is favored in the copolymeriza- 
tion. The available reactivity ratios for various diene and styrenyl monomer pairs in 
hydrocarbon solvents are listed in Table 24. 

McGrath's results 251 > regarding the rate constants for 1,3-butadiene and isoprene 
(butadiene < isoprene) place in clear perspective the bizarre 267) assertion that 
1,3-butadiene will be twice as reactive as isoprene since" one of the ends of 
isoprene" relative to butadiene — "is unreactive while the other retains its normal 
reactivity". 

The reversal of reactivity of styrene and the dienes in copolymerizations has been 
explained on a kinetic basis 253 ' 263,268) , i.e., that the rate constants for the four 
possible reactions decrease in the sequence: 
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where the subscripts S and D denote styrene and diene respectively and k the 
appropriate apparent rate constant, the first subscript defining the origin of the active 
center. 

An alternative explanation by Korotkov 254 > is available and involves complexa- 
tion of the active centers by the diene involved. This involves diene solvation of the 
active center (or centers for the associated species) where it was assumed that 
styrene is less effective in solvation. Since the advance of this concept by Korotkov 254) 
in 1958, subsequent evidence, which has been noted previously in this review, has 
accrued which indicates that aggregated carbon-lithium species can indeed form 
such complexes via interaction with rc-electrons. Obviously, though, the role, if any, 
of monomer "solvation" in these copolymerizations remains to be elucidated in 
detail. 

An additional point to be clarified in these copolymerizations relates to the question 
as to whether the self- and cross-aggregated active centers are reactive entities in 
their own right or merely serve as dormant reservoirs providing unassociated, reactive 
centers. As has been noted previously in this review a body of results has appeared 
which involves associated organolithiums as reactive species in either initiation or 
propagation. 

The presence of cross-associated species needs to be considered in the interpretation 
of copolymerization kinetics. It has been found 269) that the reaction of poly(butadie- 
nyl)lithium with p-divinylbenzene in benzene solution proceeds at a rate which 
increases markedly with time. Such a result implies that the poly(butadienyl)lithium 
aggregate is less reactive than the mixed aggregate formed between the butadienyl- 
and vinylbenzyllithium active centers. Interestingly, no accelerations with increasing 
reaction time were found with poly(butadienyl)lithium and w-divinylbenzene nor with 
poly(isoprenyl)lithium and either the m- or /niivinylbenzenes. This general behavior 
was subsequently verified 270) by a series of size exclusion chromatography measure- 
ments on polydiene stars (linked via divinylbenzene) as a function of conversion. 

When an excess of styrene (S) was added to the ~ ~CH 2 C(C 6 H 5 ) 2 Li active 
center, DLi, the ensuing crossover reaction followed pseudo first order kinetics 271 



However, a series of such experiments showed that k u is not constant but is 
inversely proportional to the square root of the total organolithium concentration. 
This behavior can be contrasted to that of isoprene adding to styryllithium and 
styrene adding to isoprenyllithium in cyclohexane 263) where the apparent rate 
constants were constant. 

During the crossover reaction of styrene to the DLi active centers, the following 
equilibria are maintained for the dimeric aggregates: 



-d[DLi]/dt = k u [S 0 ] pLi] . 



(48) 



(DLi), 



^2 DLi 



(49) 



(SLi) 2 



^ 2SLi 



(50) 



(SLi • DLi) ^ SLi + DLi K ab (51) 
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The variation in k u with total active center concentration has been rationalized 
utilizing the following assumptions : 

a) the crossover reaction proceeds solely through the intermediacy of the unassociated 
chain end, DLi ; 

b) the concentrations of the unassociated chains are small in comparison with those 
of the dimeric species; and 

c) K ab has a geometric mean relationship to K fl and K h where: 



where is the rate constant for the addition of styrene to the DLi active 
center and [DLiL, denotes the total concentration of active centers. 

The reactions of poly(styryl)lithium in benzene with an excess of diphenyl- 
ethylene 272) and bis[4-(l-phenylethenyl)phenyl]ether 158> also were found to proceed 
by a first order process. However, the reactions of poly(styryl)lithium with the 
"double diphenylethylenes" l,4-bis(l-phenylethenyl)benzene and 4,4' bis(l-phenyl- 
ethenyl)l,l biphenyl gave 158) non-linear first order plots with the gradients decreasing 
with time. This curvature was attributed to departure from a geometric mean rela- 
tionship between the three dimerization equilibrium constants (K a , and K ab ). 
The respective concentrations of the various unassociated, self-associated and cross- 
associated aggregates involved in the systems described by Equations (49) to (51) 
are dependent upon the relative concentrations of the two active centers and the 
respective rate constants which govern the association-dissociation events. 

The rate of reaction of disubstituted 1,1 'diphenylethylenes with lithium, potassium 
and cesium polystyryl were found by Busson and van Beylen 272) to yield linear Ham- 
mett plots corresponding to q values of 1.8, 2.2 and 2.4 respectively, in benzene at 
24 °C. The value of o for the reactions involving poly(styryl)lithium in cyclohexane 
was also 1.8. The active center concentration range studied was small. These authors 
interpreted their results on the basis of the equation : 



by operating under conditions where [DPE] > [S"M + ], The potential influence of 
cross-association was not considered; contrast this result with Eq. (52). 

The addition of small amounts of a polar solvent can markedly alter the copolymeri- 
zation behavior of, for example, the diene-styrene pair. The solvation of the active 
centers manifests itself in two ways : the incorporation of styrene is enhanced and the 
modes of diene addition other than 1,4 are increased 264 ' 273 >. Even a relatively weak 
Lewis base such as diphenyl ether will bring about these dual changes in anionic 
copolymer izations, as the work of Aggarwal and co-workers has shown 260) . Altera- 
tions in polyisoprene microstructure and the extent of styrene incorporation were 
found for ether concentrations as low as 6 vol. % (9-0-9/RLi = 54) at which 
concentration diphenyl ether has been shown 52) to cause partial dissociation of the 
poly(styryl)lithium dimers. The findings of Aggarwal and co-workers 260) are a clear 
demonstration that even at relatively low concentrations diphenyl ether does interact 
with these anionic centers and further serve to invalidate the repetitive claim 78 ' 158 . 
i6o,i6i) that ^phenyl ether — at an ether/active center ratio of 150 — does not 
interact with carbon-lithium active centers. 



-dPLi)/dt = k x [S 0 ] [DLi] [DLi]f K l J 2 



(52) 



-d[DPE]/dt = k p Kj( 2 8 [DPE][S-M + r 



(53) 
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13 Chain Transfer in Anionic Polymerization 

The process of chain transfer has received very little quantitative study insofar as the 
anionic systems are concerned. The first study of an anionic chain transfer process was 
that of Robertson and Marion 274) on the polymerization of 1 ,3-butadiene by sodium 
in toluene. The reaction of toluene with the sodium active center led to the formation 
of benzyl sodium. This work was the first to demonstrate the important role of solvent 
in transfer reactions involving anionic active centers: 

2 Na + nCH 2 = CH-CH 2 = CH 2 - Na + -[C 4 H 6 f Na + (54) 

Na + "[C 4 H 6 ] n - Na + + 20CH 3 -* H[C 4 H 6 ] n H + 20CH 3 Na (55) 

The ability of toluene to serve as a transfer agent was further demonstrated by 
Bower and McCormick 275) and Brooks 276) for the organosodium initiated polymeri- 
zation of styrene in that solvent. Both groups reported molecular weights lower than 
the values calculated from the monomer-initiator ratio. 

Higginson and Wooding 277 > also reported a transfer reaction to solvent for the case 
of the polymerization styrene in ammonia initiated by potassium amide. There was no 
termination event in their kinetic scheme, i.e., active center deactivation via a 
spontaneous termination event was not considered to be a significant event. 

Gatzke 278) has investigated the chain transfer process involving toluene and 
poly(styryl)lithium at 60 °C. A relationship between the number-average degree of 
polymerization and the transfer constant was derived : 

*„ = [M]X/[PSLi] - C RH [RH] In (1 - X) (56) 

where [M] denotes the monomer concentration, X the extent of conversion, 
[PSLi] the active center concentration, [RH] the concentration of toluene. The transfer 
constant C RH was found to be 5 x 10" 6 . 

The transfer reaction of butadiene with the sodium counterion in a tetrahydro- 
furan-toluene solution was studied 279 > 280 >. The presence of the ether was found to 
enhance the transfer reaction to the point where a transfer constant near unity was 
obtained. 

Low molecular weight polybutadienes of various mixed microstructures are 
prepared 281) commercially via an anionic chain transfer process. These polymeriza- 
tions use toluene as the solvent and transfer agent and lithium as the counter ion. 
The transfer reactions is promoted by the use of diamines, e.g., tetramethylethylene- 
diamine, or potassium f-butoxide. The preparation, modification, and applications of 
these materials has been described by Luxton 281 \ 



14 Active Center Stability 

The topic of the stability of anionic centers in hydrocarbon solvents was apparently 
first addressed by Ziegler and Gellert 282> in 1950 for ethyl- and n-butyllithium. 
n-Butyllithium was found to decompose at temperatures above 100 °C to yield 
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1 -butene (-92 %), butane (8 %) and lithium hydride. At ambient temperature, though, 
n-butyllithium is stable. Such, though, is not the case with the branched butyllithium 
isomers. ^-Butyllithium decomposes at a rate of ca. 0.1 % active lithium per day at 
room temperature 283) . Glaze, Lin and Felton 118> examined the thermal decomposi- 
tions products from s-butyllithium. Lithium hydride and the three isomers of butene 
were found. Bryce-Smith 284) thermally decomposed t-butyllithium in refluxing 
heptane and found an isobutylene/isobutane (94/6) mixture. Finnegan and Kutta 28S> 
proposed that lithium hydride is generated via a concerted four-center type transition 
state for the case of n-butyllithium. 

Ethereal solvents react directly with alkyllithiums via either proton abstraction 
or ether cleavage 4 *. Thus, in polar solvents such as ethers, alkyllithiums have, at 
best, limited stability at room temperature. 

Antkowiak 286) and Nentwig and Sinn 287) have studied the thermolytically induced 
reactions for poly(butadienyl)- and poly(isoprenyl)lithium in hydrocarbon solvents. 
Their combined findings are shown in the following equations. 

2~CH 2 -CH==CH-CH 2 Li^- CH 2 -CH^ u ^CHLi + CH 2 -CH=CH-CH 3 

(57) 



~CH 2 - 



.-CH^'J^CH 1 -' + D 2 0 — - CH 2 -CH=CH-CHD 2 



and CH 2 — CHD— CH=CHD 

(58) 



CH 2 — CH=CH— CHjLi-^-*- CH=CH— CH=CH 2 + LiH 

(59) 

CH=CH— CH=CH 2 + CH 2 — CH= CH — CH 2 Li - 

CH Li - CH = CH - CH 2 - CH 2 - CH = CH - CH 2 (60) 

These results show that the elimination of lithium hydride can occur and that 
dilithiated chain ends can be formed. The formation of such species may account for 
the dark red to brown coloration these solutions develop upon heating with no 
monomer present. Furthermore, the formation of the 'macrodiene' of Equation (59) 
provides the reactive site which can lead to chain coupling and linking. Ultracentifu- 
gation and size exclusion chromatography measurements have shown 287) that three- 
armed stars can be formed. The presence of these coupling and linking events will 
obviously distort an initial near-monodisperse molecular weight distribution. 

Apparently, reactions similar to those outlined in Equations (57) to (60) occur in 
dilute (~ 10~ 3 M) solutions of the delocalized active center based on 2,4-hexa- 
diene 288) . This conclusion is based on both spectral results and analysis by the applica- 
tion of size exclusion chromatography. These reactions, though, are supressed 288) 
at higher concentrations (>10~ 2 M) of active centers. The transformations which 
occur under dilute conditions account for the different association numbers 48, 199) 
(i.e. 1 .7 and 1 ,4) which have been reported. This has been verified by the observation 288) 
that N w for freshly prepared hexa(dienyl)lithium active centers (formed by adding 
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2,4-hexadiene to poly(isoprenyl)lithium in benzene) is ~ 1.7 and that the association 
state decreases to ~ 1 .4 when the solution is held for a period of ca. two weeks at 
30 °C. 

The active center a-methyl(styryl)lithium undergoes a slow decomposition in 
benzene at 30 °C. Using ethyllithium as the initiator, Margerison and Nyss de- 
monstrated 289) that the main products of this decomposition process are lithium 
hydride and l,3-dimethyl-3-phenyl-l-propylindane. Their reaction sequence follows: 

CH 3 CH3 CH 3 
r^^|— C— CH 2 CH 2 CH 3 ^ j^^jj — C=CH 2 ^ t^^jl — ^ — CH 2CH 2 CH 3 ^ 

?> " (61) 

C-CH 2 CH 2 CH 3 h 3 ( 

,CH 2 + LiH 



H 3 <7 

As Margerison and Nyss noted 289) this reaction path is similar to one given by 
Benkeser et al. 290) to explain the formation of l,l,3-trimethyl-3-phenylindane in the 
course of the metallation of isopropylbenzene by «-pentylsodium: 
CH 3 CHj 

"-CH 3 Qt-c=ch 2+ NqH (62) 

CH 3 CH 3 CH 3 CH 3 

^X> " X) 

(63) 

Cyclization is not the only method by which the styryl active centers can 
decompose. Poly(styryl)sodium can apparently decompose by ^-elimination of a 
hydride ion in the following fashion: 

~CH 2 CHNa CH=CH + NaH 

(64) 



-CH 2 CHCH=CH OUCH, 



:h 2 ch2 CH 2 — C— CH=CH 

6 * 66 

(65) 
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The existence of the 1,3-diphenylallyl ion was inferred via spectroscopy 291 ,292) . 
Although it was claimed 291 ' that this decomposition reaction (misnamed by the 
authors as an isomerization process) was faster when the polymer molecular weight 
was low, no explanation for this unique effect was provided. 

In contrast to the claim of Szwarc and co-workers 291) that the a-methyl(styryl)- 
sodium active center is stable, measurements from various sources have shown 293 ~ 301) 
that transformations readily occur. The dimer structure formed fromoc-methyl styrene 
and sodium is as follows : 

CH 3 CH3 
Na— C CH 2 — CH 2 — C Na 

) 

with the tetramer being formed by the addition of monomer in the conventional head- 
to tail fashion 302 ~ 304) . This structure for the tetramer represents a correction of the 
erroneous structure proposed by Szwarc and co-workers 305-307 >. 

The appearance of a new absorption peak near 430 nm was attributed by Decker 
et al. 299) and Schmitt 296) to the formation of a 2-phenylallyl carbanion: 

CH 3 CH 3 
CH 2 -C Na ■ CH=C + NaH (66) 



CH 3 CH 3 CH 3 CH 2 Na 
CH 2 — CNa + CH 2 =C — CH 2 — CH + CH,=C 

6 6 6 

(67) 

Whilst these reactions may well occur, it is certain that the absorption band of the 
2-phenylallyl ion will lie at very much shorter wave length. A similar objection can be 
levelled at the analogue : 



C — cfl — 

6 6 



to which Ades, Fontanille and Leonard 303) assigned a X max. of 424 nm. 
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A finding of importance in regard to the stability of the a-methylstyryl anion 
is that of Comyn and Glasse 309, 310) that a photochemical process plays a role in the 
transformation. Their proposed mechanism is as follows: 

CH 3 

CH 2=C t<3 oo.w ' CH 2 =CH— CH 2 — CH 2 — CH — CH 3 (68) 

6 6 6 

where the active center serves as a photosensitiser. 



CH 3 




(69) 



The elimination of the sodium hydride was explained by the process given by Margeri- 
son and Nyss 289) . Following Schmitt 296) , Comyn and Glasse also proposed 309) 
that reaction of the anions formed in the a-methylstyrene system would yield 
deactivated species via reaction with the solvent, THF. Their kinetic study showed 310) 
that the process given in Eq. (68) was second order in monomer and first order in 
active centers, which are not consumed in the reaction. The sequence shown as 
Eq. (69) was found to be first order in active center concentration and in the 
dimer ; which is the product of Eq. (68). 

Comyn and Glasse 309) have also suggested that cyclization is a prominent event in 
the transformation of the styrylsodium active center. This conclusion is based on the 
work of Margerison and Nyss 2891 , Benkeser and co-workers 290) , and Burley and 
Young 311) . 

The foregoing transformation and termination reactions have been studied for the 
cases where the counter ion was either sodium or potassium. However, there is 
little doubt that similar reactions can occur involving lithium. There is evidence 312) 
which suggests that the stability of styryl active centers in ethers is counter ion 
dependent and changes in the order of Li > Na > K. 

The active centers based on styrene, 1,3-butadiene or isoprene and the lithium 
counter ion in hydrocarbon solvents possess good stability at ambient temperatures 
over the duration of polymerization and beyond. However, dienyilithium species in 
ethereal solvents show at best only short term stability 313) . The isomerization proces- 
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ses, involving the cis and trans forms in which these active centers exist, have already 
been mentioned in this review. 



15 Chain end Functionalization 

One of the most useful and important characteristics of anionic polymerization 
is the generation of polymer chains with stable carbanionic chain ends. In principle, 
these reactive anionic end groups can be readily converted into a diverse array of 
functional end groups. These end groups may then undergo a variety of further reac- 
tions e.g. (1) chain extension, branching or crosslinking reactions with polyfunctional 
reagents; (2) coupling and linking with reactive groups on other oligomer or polymer 
chains ; (3) initiation of polymerization of other monomers. 

The repertoire of reactions possible with organolithium compounds is well 
documented in the literature 4) . The application of these functionalization reactions 
to polymers is also described in the anionic polymer review literature 314-316 *. 
Unfortunately, many of the reported applications of these functionalization reactions 
to anionic polymers have not been welt characterized. Accordingly, one is faced with 
the situation in which a variety of useful chain end functionalization reactions is 
potentially possible, but whose application to polymers is not well defined in terms of 
specifics such as side reactions, yields, solvent effects, etc. The following discussion 
of representative functionalization reactions is not meant to be exhaustive, but can 
be regarded as typical of the state-of-the-art in this area. 

15.1 Carbonation 

The carbonation of polymeric anions using carbon dioxide is one of the most useful 
and widely used functionalization reactions. However, there are special problems 
associated with the carbonation of polymeric organolithium compounds 3I7) . For 
example, Wyman, Allen and Altares 318) reported that the carbonation of poly- 
(styryl)lithium in benzene with gaseous carbon dioxide produced only a 60% 
yield of carboxylic acid; the acid was contaminated with significant amounts of the 
corresponding ketone(dimer) and tertiary aicohol(trimer) as shown in Eq. (70). 

PSLi X) ™*f> PSCO z H + (PS) 2 CO + (PS) 3 COH (70) 

60% 28% 12% 

They also concluded that pouring the active polymer solution onto solid, granulated 
carbon dioxide produced a total of only 22 % of the side reaction products (ketone and 
tertiary alcohol). A recent paper by Mansson 319) confirmed the effect of quenching 
with granulated, solid carbon dioxide with reported yields of greater than 90% 
for the carboxylic acid. In addition it was reported that conversion of poly(styryi)- 
lithium to poly(styryl)magnesium bromide with magnesium bromide produced the 
carboxylic acid in high yield (90%) after treatment with gaseous carbon dioxide. 
Mansson also concluded that "the ability of THF to dissociate dimeric into mono- 
melic species has no dramatic influence on the yield of carboxylic acid", based on 
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the results shown in Eq. (71). 

PSU+C0 2 {g) ^'^y'cyclohexcne/THF^ + (pS , 2 C0 + ( PS) 3 C0H 

a9 - 5/0 - 5 36% 19% 38% 

(71) 

A recent, careful, detailed investigation of the carbonation reaction of polymeric 
organolithium compounds has revealed several important aspects of this reaction 320) . 
Using high vacuum techniques and high-purity, gaseous carbon dioxide it has been 
reported that carbonation of poly(styryl)lithium, poly(isoprenyI)lithiurn, and poly- 
(styrene-6-isoprenyl)lithium in benzene produces carboxylic acid in about 60% yield 
and the corresponding ketone (dimer) in about 40 % yield. It is important to note that 
no tertiary alcohol was reported. It was concluded that tertiary alcohol formation is 
a side reaction 32 i} resulting from ketone generation (most probably from water 
contamination during quenching) in the presence of polymeric organolithium chain 
ends as shown in Eq. (72). 

OLi 0 

PSLi+C0 2 -^PSC0 2 Li -^V PS-C— PS-^PSCPS-^V(PS) 3 COLi 1 PS) 3 C0H 

OLi (72) 

Contrary to the conclusion of Mansson 319) , it would be expected that association of 
the organolithium chain ends would promote coupling to form the ketone (dimer) 
product, Eq. (73); conversely, dissociation 

OLi 

(PSLi ) 2 +C0 2 -HPSC0 2 Li ) (PSLi) — PSCPS (73) 
associated 

of the chain ends would be expected to favor formation of the carboxylic acid function- 
alized chains. 

As discussed elsewhere in this review, Lewis bases such as tetrahydrofuran are 
known to promote disaggregation of polymeric organolithium species 42 • 47 K Thus, 
in the presence of excess tetrahydrofuran, both poly(styryl)lithium and poly(isopre- 
nyl)lithium would be expected to be unassociated (or at least much less associated). 
Therefore, in the presence of sufficient tetrahydrofuran, the carbonation reaction 
would take place with unassociated organolithium chain ends and ketone formation 
(Eq. (73)) would only be an intermolecular reaction (rather than an essentially intra- 
molecular reaction as in the case with the aggregated species) competing with carbo- 
nation. In complete accord with these predictions, it was found that the carbonation 
of poly(styryl)lithiurn, poly(isoprenyl)lithium, and poly(styrene-&-isoprenyl)lithium 
in a 75/25 mixture (by volume) of benzene and tetrahydrofuran occurs quantitatively 
to produce the corresponding carboxylic acid chain ends. The observation by Mans- 
son 3l9) that THF has no apparent influence was complicated by the use of methyl- 
cyclohexane, which is a Theta solvent for poly(styrene) (60-70 °C) 322) ; furthermore, 



72 



R. N. Young, R. P. Quirk and L. J. Fetters 



the amount of tetrahydrofuran used was probably not sufficient to effect the complete 
dissociation of the polymeric organolithium aggregates 42) . 

The carbonation reaction is somewhat ideal since it is possible to analyze the 
reaction products using a variety of probes including osmometry, size exclusion 
chromatography end group titration, and thin layer chromatography. Obviously the 
ability to use some of these analytical methods will decrease with increasing polymer 
molecular weight. However, many applications of functionalized polymers do not 
require high molecular weight products. 

The carbonation of dilithium reagents is complicated by the occurrence of gelation 
phenomena which produce severe mixing problems 145 - 146 - 323) . In general, lithium 
derivatives of heteroatoms are highly associated in solution; therefore, heteroatom 
functionalization of polymers with two active anionic chain ends will form an insoluble, 
three-dimensional network. The beneficial effect of decreasing the effects of associa- 
tion and gelation by solvents with solubility parameters < 7.2 has been reported in the 
literature 140 - 324) . 

With regard to the carbonation of polymeric anions with counter ions other 
than lithium, Pannell 325) has reported that poly(styryl)potassium reacts with carbon 
dioxide in tetrahydrofuran to form carboxyl-terminated polymer without the com- 
plicating side reactions which generate higher molecular weight species. 



15.2 Halogenation 

The introduction of halogen end groups on polymers is of considerable interest 
since organo halogen groups undergo a variety of nucleophilic substitution and elimi- 
nation reactions as well as serving as potential initiation sites for cationic polymeriza- 
tion. The direct bromination of polymeric organolithium compounds is complicated 
by competing Wurtz-coupling reactions to yield dimeric products. For example, 
addition of a benzene THF (250/3) solution of poly(styryl)lithium to an excess of 
bromine in benzene produced 42% of the coupled product and 58 % uncoupled (and 
presumably )brominated polystyrene (Eq. (74)) 326, 327) ). 

PSLi PSBr + < PS >> < 74 ) 

58% 42% 

It is possible that solvent and Lewis bases could have a significant effect on the 
amount of coupling product observed, although these variables have not been 
examined. The lithium chain end has been converted to the corresponding Grignard 
reagent (PSMgBr) in an attempt to reduce the amount of coupling in the bromination 
reaction. Thus, reaction of poly(styryl)lithium with a saturated solution of magnesium 
bromide in tetrahydrofuran followed by quenching with bromine decreased the amount 
of coupling to 7% and produced 93% of the bromine-terminated polymer (note, 
however, that no analytical data were presented to document that the uncoupled 
polymer had one bromine per chain end) 326) . 

Another route to bromine terminated polymers has been to react anionic polymers 
with halogenated terminating agents such asa,a'-dibromoxylene 326, 327) . It is presumed 
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that the prevailing reaction is Wurtz-coupling, (Eq. (75)); 




CH 2 Br 



CH 2 Br 



PSLi + 



PSCH 2 -« 



0 



jj + UBr 



(75) 



CH 2 Br 



although simple lithium-halogen exchange could be occurring in this system also, 
(Eq.(76)). 



Coupling to produce dimeric product was a side reaction in these systems also, e.g. 
75 % dimer formation was reported for poly(styryl)lithium and 23 % dimer formation 
with the poly(styryl)-Grignard reagent 326) . However, it should be noted that the only 
reported characterizations of these reactions were size exclusion chromatography 
traces and silver catalyzed polymerization of tetrahydrofuran using the polymeric 
halogen compounds as co-initiator. 

In view of the importance of preparing well characterized, halogen terminated 
polymers, there is an obvious need for a careful examination of the direct halogenation 
reaction. Optimization of the halogenation reaction, however, may not be straight- 
forward, since it has been observed by ESR spectroscopy that radicals are formed 
in the reaction of simple alkyllithiums with bromine or iodine in the presence of 
equimolar amounts of Lewis bases such as N,N,N\N'-tetramethylethylenediamine or 



A potential alternative to direct halogenation utilizes agents such as ethylene 
dibromide. For example, it has been reported that neophyllithium in ether reacts 
at room temperature with ethylene dibromide to yield neophylbromide quan- 
titatively (Eq. (77) 329) ). 



One cannot simply extrapolate results obtained for simple alkyllithiums to polymeric 
organolithiums since important factors such as the degree of association and diffusion 
rates are different. Thus, preliminary examination of the reaction of poly(butadienyl)- 
lithium in benzene with excess ethylene dibromide in benzene produced predominately 
the dimeric coupling product (Eq. (78) 330) ). 




(76) 



ether 328 >. 




PBdLi + 8rCH 2 CH 2 Br— -»-PBdBr + (PBd) 2 
24% 76% 



(78) 
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This type of halogenation procedure involving active centers should be carefully 
examined since like <x,a'-dibromoxylene it is applicable to unsaturated polymeric 
anions such as poly(butadienyl)lithium and poly(isoprenyl)lithium whose double 
bonds would react directly with halogens. 

It has been reported that a tetrahydrofuran solution of the disodium salt of the 
tetramer of a-methylstyrene reacts with iodine to form coupled products with molecu- 
lar weights of up to 3 x 10 3 331) . Although it would be expected that iodine would 
favor the coupling reaction 4) , the lack of specific product and yield information 
precludes further discussion of this result. 



15.3 Ethylene Oxide and Ethylene Sulfide Termination 

In contrast to many other functionalization reactions, termination of living anionic 
polymers with ethylene oxide, (Eq. (79)) is relatively free of side reactions other than 
polymerization. For example, 



PLi + CH 2 — CH 2 -^PCH 2 CH 2 OH (79) 

Reed 3321 has reported that reaction of ethylene oxide with the a,co-dilithiumpoly- 
butadiene in predominantly hydrocarbon media (some residual ether from the dili- 
thium initiator preparation was present) produced telechelic polybutadienes with 
hydroxyl functionalities (determined by infrared spectroscopy) of 2.0 ± 0.1 in most 
cases. A recent report by Morton, et al. 146) confirms the efficiency of the ethylene 
oxide termination reaction for a,<o-dilithiumpolyisoprene; functionalities of 1.9 9 , 
1.9 2 and 2^ were reported (determined by titration using Method B of ASTM 
method E222-66). It should be noted, however, that term of a,co-dilithium- 
polymers with ethylene oxide resulted in gel formation which required 1-4 days 
for completion. In general, epoxides are not polymerized by lithium bases 333 ,334) , 
presumably because of the unreactivity of the strongly associated lithium alkoxides 640 
which are formed. With counter ions such as sodium or potassium, reaction of the 
polymeric anions with ethylene oxide will effect polymerization to form block copoly- 
mers (Eq. (80) 334 ~ 336) ). 

P S M® +nCH 2 — CH z — ¥ ^P(CH2CH20)n-iCH 2 CH20H (80) 



Hydroxyl-terminated polymers have also been prepared 337 - 338 > using organo- 
lithium initiators with protected hydroxyl functionality. Thus, using initiators such as 
2-(6-lithio-n-hexoxy)tetrahydropyran (A) and ethyl 6-lithiohexyl acetaldehyde acetal 
(B), it was 



OCH 2 CH 3 

LiCH 2 {CH 2 ) 5 0— J\ J LiCH 2 (CH 2 ) 5 0CHCH 3 
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possible to prepare narrow molecular weight distribution polybutadiene polymers 
with either one (0.87-1.02) or two (1.76-2.04) hydroxyl functionalities per chain after 
mild acid hydrolysis of the acetal groups 337) . The difunctional chains were formed 
by either terminating with ethylene oxide or coupling with dichlorodimethylsilane. 
These initiators are insoluble in hexane, but are reported to be soluble in benzene and 
diethyl ether. A summary of these results as well as a discussion of related patent 
literature are contained in a recent review 338 } . 

The reaction of a,(o-dilithiumpolyisoprene with ethylene sulfide crosses over very 
rapidly (4-5 min) at -40 °C in a 50/50 hydrocarbon/tetrahydrofuran mixture, while 
the subsequent polymerization requires several days 339 '. These results suggest 
that it might be possible to prepare ethane thiol terminated polymers under certain 
conditions. 

15.4 Animation 

Several new methods for preparing amine terminated polymers have been described 
recently. One of the major challenges has been to synthesize polymers with primary 
amine functionality since primarv amine hydrogens undergo proton transfer to anionic 
chain ends 277) . Schulz and Halasa 340) have prepared — NH 2 terminated polydienes 
using the initiator p-lithio-N,N-bis(trimethylsilyl)aniline (Q, which has a primary 
amine protecting group. Using this initiator, relatively 



C(CH 3 ) 3 Si] 

c 

narrow molecular weight distribution (1.06-1.25) polybutadiene was prepared with 
69-100% amination as determined by titration after acid hydrolysis of the amine 
protecting group (Eqn. (81, (82)). 

C(CH 3 ) 3 SG 2 N ^^Li + nCH 2 =CH-CH=CH 2 — r nCH 3 ) 3 Si] 2 -N ^^-E-bO-^H 

(81) 

[(CH 3 ) 3 Si] 2 N^~y-f>BD-^-H-^ H 2 N^~^— eBD^-H (82) 

Termination of these polymerizations with dichlorodimethylsilane followed by 
hydrolysis of the protecting group generated polymeric diamines with functionalities 
of 1.7-1 .9 and relatively broad MW distributions (1.49-2.22). The authors considered 
that the titrimetric method was less reliable for the higher molecular weight 
polymers and perhaps is a reason for the apparent ineficiency of this amination pro- 
cedure. A major limitation of this method is the fact that the initiator is insoluble in 
hydrocarbon solvents and therefore most of the diene polymerizations were carried 
out in mixtures of hexane and ether which has a deleterious effect on the micro- 
structure of the diene polymers. 
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Hirao, et al., 341 > have described a very useful method for the amination of 
living anionic polymers. Polymeric anions were reacted with a trimethylsilyl derivative 
of an aldimine (D) which generated the primary amine-terminated polymers after 
quenching with dilute acid (Eq. (83)). 

H 5 C 6 C B H 5 
PSLi + / C=N-Si(CH 3 ) 3 HaQa ,» > PS-CH-NH 2 (83) 
H D 



Amine-terminated polymers were obtained in yields of 90-100% for poly(styryl)- 
lithium (M„ = 1 x 10 4 to 1.9 xlO 5 ) and poly(isoprenyl)lithium (M„ = 1.74x10*). 
It is noteworthy that using the corresponding sodium and potassium derivatives of 
polystyrene resulted in decreased yields of aminated polymers (48% and 17%, 
respectively). These workers also examined the efficiency of other aminating agents 
(E-G), but all of these reagents gave lower amination yields than the corresponding 
aldimine derivative (D). 

HsCe H 5 Ce 
BrCH 2 CH 2 NCSi(CH 3 ) 3 3 2 ^N-Si (CH 3 ) 3 / C=N-Si|CH 3 ) 3 
H5C2 H9C4. 



The analogous reaction of a,w-disodiumpolystyrene with benzylideneaniline has 
been reported to proceed in good yield to give the corresponding secondary amine 
end groups (Eqn. (84)) M2 K 

Na^CCHCHj-HPS-r— CH 2 -CH] e Na®+ 2 C 6 H S N=CHC B H 5 CH?QH » 
C 6 H 5 C 6 H 5 

(84) 

C 6 H 5 NHCH — CH— CH 2 — f- PS-r-CH 2 CH — CHNHC 6 H 5 
C6H5 C6H5 C 6 H 5 C 6 H 5 

Another potentially useful amination procedure utilizes the reaction of organo- 
lithium compounds with mixtures of methoxyamine and methyllithium (Eqn. (85)) 343) ; 
for example : 

RLi-T^RNH, (85) 



Although benzyllithium has been aminated to 97% yield using these reagents 
attempted amination of poly(styryl)lithium (TVE Q = 2 x 10 3 ) was achieved with only 
5 % efficiency using literature procedures 344) . After extensive modification of those 
procedures, poly(styryl)lithium has been aminated with 92% efficiency using a two- 
fold excess of methoxyamine/methyllithium 344) . In addition, pure 1° amine-termi- 
nated polystyrene can be isolated by silica gel chromatography since it is easily 
separated from the unaminated polymer. 
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Various attempts have been made to utilize lithium amide derivatives as initiators 
for polymerization of vinyl monomers. Because of the high degree of association 
of heteroatom lithium derivatives, reagents such as lithium morpholinide 34,5,346 5 , 
lithium diethyl amide 347) , and other lithium dialkylamides 3475 are insoluble in 
hydrocarbon media. Thus, although these initiators are capable of generating poly- 
dienes with high 1,4-enchainment in hydrocarbon media, the ability to precisely 
control molecular weight and molecular weight distribution is lost. However, even 
in diethyl ether where lithium diethyl amide is soluble, there is a complicating 
induction period and no simple relationship exists between rate and initiator 
concentration 347 \ From a synthetic point of view, the amine end group functionality 
of the polymers prepared from these initiators has generally not been well characte- 
rized. 

Eisenbach, Schnecko and Kern M8) have prepared 3-dimethylaminopropyllithium 
as an initiator for anionic polymerizations. This initiator generated tertiary amine 
groups in polymers from a-methylstyrene, and butadiene 349) . The molecular weights 
of poly-(oc-methylstyrene) calculated from the nitrogen content were significantly 
higher than those determined by vapor phase osmometry; all of the observed 
molecular weights were much higher than expected from the initial ratio of monomer 
to initiator. 

15.5 Termination with Oxygen and Sulfur 

The reaction of active polymer chain ends with oxygen is a complex reaction which 
can lead to a variety of products depending on the reaction conditions. This reaction 
is interesting because it offers the possibility of generating a macromolecular peroxide 
initiator which could be used to form new block copolymers. One of the most common 
observations from oxygen termination is the presence of coupling products of double 
the molecular weight of the initial living polymer; alcohol and peroxide functionality 
have also been detected 350) . Brossas and co-workers 350) have carried out a detailed 
study of the influence of reaction conditions and anionic chain end-group on the 
course of the oxidation of poly(styryl)Iithium. For example, 10% versus 20 % coupling 
was observed for the inverse addition mode as compared to the direct oxidation 
mode in THF at —65 °C. The corresponding hydroperoxide functionality (see below) 
was obtained in 95% yield, while the reverse method gave a 40% yield. Thus, the 
hydroperoxide can be prepared in high yield by the low temperature oxidation 
in THF by adding the living polymer to an oxygen-saturated THF solution (inverse 
addition) (Eq. (86)), 

PSLi + 0 2 " 78 °°> dimer + PS0 2 H (86) 

Inverse addiUon 9% 91% 

Similar results, i.e., efficient formation of the hydroperoxide, were observed by 
oxidation of the living chain ends in the solid state. As noted by Fetters and Firer 351 > 
from air termination reactions, more coupling product is observed in the presence 
of Lewis bases such as THF and N,N,N',N'-tetramethylethylenediamine. These 
results are consistent with oxidation being the primary reaction responsible for dimer 
formation in air termination 352) . 
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A simplified radical chain mechanism for oxidation of polymeric organolithiums 
can be deduced from studies of the oxidation of simple alkylithiums (Scheme 1) 53) , 
assuming the intermediacy of free radicals 1 . One often neglected facet of these 
oxidation reactions 

Scheme 1 

(PLi) n + 0 2 ->P- + (P n _ 1 Li n ) + +0 2 "- 
P • + 0 2 -> POO ■ 

POO • + (PLi)„ -» (POO) (P._,Li.) + P • 
is termination (Scheme 2), as shown for poly(styryl)lithium. 
Scheme 2 q 

2PS0 2 - -> [PS0 4 PS] - (PS)CH 2 CC 6 H 5 + (PS)CH 2 CH(OH)C 6 H 5 
PS0 2 - + PS- - PS0 2 PS 
2PS. combina ' io ", (PS) a 



2PS- , ( PS )CH=CHC 6 H 5 + (PS)CH 2 CH 2 C 6 H 5 

The products shown for decomposition of the tetroxide of polystyrene are deduced 
from studies of the analogous decomposition of 1-phenylethylperoxy radicals 353 \ 
Other reactions which should be considered in these oxidations include hydrogen 
transfer from solvent (Eq. (87)) 3S0) and reaction of the 

P+RH-P-H + R (87) 

organolithium compound with the lithium peroxide product (Eq. (88)) 35 *> 

PLi + P0 2 Li - 2 POLi (88) 

With this background, the following range of products could be forme in the 
oxidation of a polymeric organolithium compound (Eq. (89)) as illustrated for 
polystyrene. q 

PSLi PSH + (PS) 2 + PS0 2 PS + PS0 2 H + (PS)CH 2 CC 6 H 5 + 

+ PSCH=CHC 6 H 5 + (PS)CH 2 CH(OH)C 6 H 5 (89) 

Any rigorous study of the oxidation of polymeric organolithium compounds should 
consider these products and their variation in yield with reaction conditions. To date, 
few of these reaction products have been considered, let alone identified and analyzed. 
However, the presence of the macroperoxide has been identified recently among 
the products of the oxidation of poly(styryl)lithium 352 } . Lithium aluminium hydride 
reduction followed by SEC analysis of the dimer fraction before and after reduction 



1 It is noteworthy that although evidence for free radical intermediates was observed for oxidation 
reactions in hydrocarbon solution, a pathway not involving free radicals was proposed for oxidation 
reactions in the presence of Lewis bases 53) 



Anionic Polymerizations of Non-Polar Monomers Involving Lithium 



79 



was used to determine the amount of macroper oxide product formed (Eq. (90)): 



Using the normal addition procedure (0 2 diffusion into a 75/25 benzene/THF 
solution of poly(styryl)lithium) the 37% "dimer fraction" analyzed for 19% alkyl 
radical dimer and 18% macroperoxide after LiAlH 4 reduction. The yield of macro- 
peroxide was also confirmed by thermal decomposition experiments in refluxing 
toluene, followed again by size exclusion chromatography analysis of the dimer 
fraction. The amount of hydroperoxide could be deduced from the difference between 
the amounts of total peroxide (determined by iodometric titration) versus the amount 
of macroperoxide determined by LiAlH 4 reduction. 

Mansson 319) has also investigated the products of the reaction of poly(styryl)- 
lithium with oxygen. Although products with carbonyl and alcohol functionality 
were detected, they may have resulted from the column and thin layer chromatographic 
work-up procedures employed. In conclusion, the oxidation of polymeric organo- 
lithium compounds is complex, but the possibility of manipulating the reaction 
conditions to form useful macroperoxides and hydroperoxides is real, as evidenced 
by the work of Brossas and coworkers 350} . 

It may be possible to prepare lithium thiolate derivatives of living anionic polymers 
using higher ratios of lithium to Sg, since 5ec-butylthiolate was obtained in ca. 60% 
yield from sec-butyllithium in benzene when the ratio was 8 350) . 



Brossas and coworkers 350 > have reported that reactions of oligomeric organo- 
lithium compounds with elemental sulfur (S 8 ) in benzene (PLi/S 8 = 2) yield primarily 
coupled products (ca. 80%) with 3-4 sulfur atoms in the bridge (Eq. (91)). 

15.6 Miscellaneous Reactions 

Sulfinate and sulfone functional groups have been formed 355 > by the reaction of 
sulfur dioxide with partially lithiated polystyrene. This reaction scheme follows: 



<PS) 2 + PS0 2 PS 



DLiAIH4 
2>H 3 0+ 



(PS) 2 + 2PSOH 



(90) 



PLi 



+ S 8 - P[S] 3 _ 4 P 



(91) 



( — CH 2 -CH-) 




-f-CH 2 — CH — } 



meia/para = 2 



(92) 



[— CH 2 — CH-) 




The degree of functionalization was found to be ca. 32%; a consequence of the 
fact that the lithiation reaction itself led to metallation of about 32% of the available 
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aromatic groups. These findings indicate that carbanionic chain ends would also 
react in an effective fashion with sulfur dioxide. 

Following Milkovich 356) , Masson, Franta and Rempp 357 ' have prepared poly- 
styrene terminated with an ester group, i.e., 

0 CH 3 
II I 
— 0C-C=CH 2 

The synthesis of this material was accomplished as follows: 

A 

CH 2 CHLi + CH 2 — CH 2 -» CH 2 CHCH 2 CH 2 OLi 



6 



ch 3 o 

CH;=C — C— Cl 



(93) 



0 CH3 

~CH 2 CHCH 2 CH 2 OC-C=CH 2 + LiCl 



6 



The addition of ethylene oxide serves to reduce the active center reactivity leading 
to a reduction in potential side reactions which could occur concurrently with the 
functionalization step. Masson and coworkers 357 ' found that the above reaction 
exhibited an efficiency of about 80 %. This can be compared with a parallel attempt 
to react vinyl benzylchloride to the alkoxylithium chain ends. It was found 358) , 
contrary to Milkovich's claim 356) , that the reaction in question did not take place. 

Schulz and Milkovich 359 > have recently presented a detailed description of their 
results on the use of functionalized polymers to prepare graft copolymers. They 
also described the conversion of poly(styryl)lithium to the corresponding lithium 
alkoxide derivative with ethylene oxide, followed by reaction with methacryloyl chlor- 
ide (Eq. (93)). This methaciylate-terrninated polystyrene was then copolymerized with 
various vinyl monomers under free radical conditions to form graft copolymers. 
The functionalized polystyrenes were described as having "very high monofunctiona- 
lity." although the chain end functionality was not independently characterized. 
Only size exclusion chromatography analyses of the results of the grafting reactions 
were presented to verify this description of the efficiency of the functionalization 
reaction. 

16 Appendix 

The viscometric technique has been used to determine equilibrium constants for 
systems such as: 

(RM^i)j + 2nE ^ 2(RM i Li • nE) (a) 
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(RMjLi • nE) 2 
K " (RMjLi) 2 (E) 2n 

and RMjLi denotes, for example, poly(styryl)Iithitim and E a complexing agent 
such as an ether. This method relies on the inherent sensitivity of the flow behavior 
of concentrated polymer solutions in the entanglement regime. 

The concentrated solution viscosity measurement yields the weight-average degree 
of association of active chain ends rather than the more conventional number-average 
(mole fraction) value. However, the calculation of the equilibrium constant for 
association, K, can be accomplished if N w and the heterogeneity index of the 
polymer sample are known. The latter parameter can be determined via post- 
polymerization characterization. 

The calculation of the equilibrium constant is- as follows. Equation (a) can be 
written as: 

£p (I - a) + 2n(E 0 - C 0 «) ^ «C 0 (c) 

where: C 0 = total RM. Li concentration; 

Eq - total ether concentration ; and 

a = the fraction of C 0 complexed with the ether. 
This permits Eq. (c) to be recast as: 



The number-average degree of association can be expressed as : 



1 (e) 



The substitution of (e) into (d) yields 
(2-N n ) 2 C 0 

N n (N n - 1) (E) 2 " <*) 

Equation (f) can be converted to an expression involving N w . Prior to this, 
though, the relationship between N n and N w must be developed. A mixture of 
associated and unassociated chains will have a bimodal molecular weight distribution 
(N w > N n ). The following development assumes that the bimodal distribution 
consists of two monodisperse fractions. Obviously, this is not strictly true, but the 
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fact that the anionic polymerization systems involved can yield a near-monodisperse 
collection of chains means that little error is introduced by this assumption. 
The weight-average association number can be expressed as: 

w 'Z n ; M? "n, + a n 2 2 w 

where a and t denote the active and terminated chains and n t and n 2 the number 
of active complexed chains and dimeric species respectively. Putting x = njxi 2 , we 
then have 



2(2 - NJ 



Equation (i) has been derived previously 4 
In a similar fashion, since 



The substitution of Eq. (k) into (i) yields: 

The substitution of Eq. (1) into (0 yields: 
_ 2(2-N w ) 2 C 0 

" (N w — 1) (E) 2 " (m) 



Equations (f) and (m) can be used to calculate the equilibrium constant thru 
the use of either N n or N w . For samples with near-monodisperse molecular weight 
distribution both Eqs. (f) and (m) yield the same value for the equilibrium constant. 
This situation does not hold though, for polymer systems having polydisperse 
molecular weight distributions. Thus, the equilibrium constant results presented by 
Van Beylen and co-workers 360 - 361 > for polydisperse polystyrenes having the barium 
or strontium counter ion were weight-average values, not the required number- 
average based values. 
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